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SUMMARY 


This report describes the interim results of a program to investigate the 
feasibility of formulating a methodology for the modeling and analysis of 
aerospace electrical power processing systems. The object of the total 
program is to develop a flexible engineering tool which will allow the power 
processor designer to effectively and rapidly assess and analyze the trade- 
offs available by providing, in one comprehensive program, a mathematical 
model, an analysis of expected performance, simulation, and a comparative 
evaluation with alternative designs. This requires an understanding of 
electrical power source characteristics and the effects of load control, 
protection, and total system interaction. 

Power processing systems are usually designed by a trial -and-error process. 
Components are selected which appear to be appropriate and a paper design 
based on the selected components is completed, then modeled, simulated and 
analyzed to determine its adequacy. If the design specifications are not 
met, the paper design is modified by selecting different components and/or 
by redesigning the system. The modified design is then analyzed. This 
iterative procedure continues until a satisfactory design is achieved. 

The currently used methods for designing power processing systems are time 
consuming and generally do not lead to an optimal system. There is need 
for a method which will permit the design to be completed more expedi- 
tiously. This report presents such a method. It shows how a digital com- 
puter may be used in an interactive mode for the design, modeling, analysis 
and comparison of power processing systems. 


The project was sponsored by NASA-Lewis Research Center. The General 
Electric Company-Space Systems and the University of Pennsylvania-National 
Center for Energy Management and Power cooperated in performing the tasks. 
This union of the industrial and academic worlds was established to combine 
unfettered scientific curiosity with the experience and knov/ledge gained 
from design, production, and test of hardware. 



INTRODUCTION 


This report covers a nine month Phase I program to investigate the feasi- 
bility of formulating a methodology for the modeling and analysis of power 
processing systems. The program, initiated on 22 August 1973, was or- 
ganized into the following tasks: 

1. Sur'ey, screen, and recommend five representative power processing 
systems . 

2. Characterize the selected systems with all the internal and external 
features which enter into engineering evaluations relative to utiliza- 
tion. 

3. Survey, screen, and evaluate available modeling and analysis techniques 
and approaches. 

4. Formulate a methodology for the modeling and analysis of power processing 
concepts. 

5. Prepare a Phase II implementation plan. 


SECTION 1 
INTRODUCTION 
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1.0 SELECTION OF POWER PROCESSING SYSTEMS 


This task resulted in an assessment of present and planned power processing 
system requirements applicable to high power spacecraft and aircraft power 
sources and loads. Power processing systems were found to be more identified 
with the power source than the load, so principal attention was focused on the 
variety of sources considered as viable candidates to satisfy mission require- 
ments for the next decade. 

1.1 Available Electric Power Sources 

The available basic sources for spacecraft electrical power listed in order 
of increasing lifetime are primary battery, fuel cell, nuclear, radioisotope, 
and solar. A representative state of the art summary of electrical power 
systems is given in Table 1-1, extracted from NASA Contract NAS-9-13401. All 
these electrical power source systems are long life, durable, space qualified, 
and viable contenders for use on missions in the next decade. 

Aircraft electrical power is provided from a 400 Hertz alternator that is 
mechanically driven from the engine power plants, either directly in wild 
frequency systems, or thru a constant speed drive. Electronic variable 
speed, constant frequency cyclo-converters have been developed for aircraft, 
but are not in general use. 

Dynamic isotope and reactor Brayton, Rankine, and Sterling cycle systems 
have been proposed, and could be made available within the decade if a 
specific application makes one attractive from a cost standpoint. 
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Table 1-1 
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Electric Power Source State of the Art Summary 
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TYPE 

TYPICAL 

SYSTEMS 

MISSION 

STATUS 

POWER 

CAPABILITY 

SOLAR ARRAY/ 

FIXED ARRAY 

SKYLAB 

FLOWN 

7200 WATTS 

SECONDARY 

BAHERY 

ORIENTED 

ARRAY 

EARTH 
RESOURCES 
i TECHNOLOGY 
SATaLITE 

FLOWN 

, 25QWAnS 

1 


SNAP V) 


FLOWN 

: 25 WATTS 

RADIOISOTOPE 

THERMOELECTRIC 

nPUFBiTnp 

SNAP 27 

LUNAR 

STATION 

FLOWN 

70 WATTS 


MULTI "HUNDRED 
WAn 

LINCOLN 
EXPERIMENTAL 
SATELLITE 8 
MARINER JUPITER 
SATURN 

IN DEVELOPMENT 
AVAILABLE 1975 

150 WATTS 


MULTI -KILOWAn 


TATION BASE 

PAPER STUDIES 
AVAILABLE POST 
1980 

1000 WATT 
MODULES 

RAOlOtSOTOPE 
HEAT SOURCE , , 

BRAYTON, 

RANKINE, 

STERLING, 

THERMAL 

ELECTRIC 

ADVANCED 

PAPER STUDIES 
AVAILABLE 1977 

400 WATTS 

FUEL cat 

SINGLES! TK 

BlOSATaLlTE 

FLOWN 

BOOWAHS 

1 

TRIPLE' a-K 

GEAMNl 

FLOWN 

1000 WAHS 


SEVEN STACK 

APOLLO 

FLOWN 

2500 WATTS 

PRIAIARY EAHERY 

SILVER ZINC 

CLASSIFIED 

MILITARY 

FLOWN 

«owAns 
























































A magnetohydrodynamic generator is analogous to the rotating aircraft 
generator, except that the electrical current, in the form of hot ionized 
gasses or plasma, is forced through a magnetic field, producing a potential 
difference between tv</o electrodes which is perpendicular to the magnetic 
field and the gas flow. Because of the high temperature, the magnetic field 
that is required, and the need for high velocity gas flow, the MHD technique 
is most efficient in large power ratings. The MHD generator is in the proof 
of feasibility stage, is under active development by the General Electric 
Company and others, but is not considered to be available at this time. The 
phenomenon was first recorded in 1910, and efforts are still underway to make 
it practical for terrestrial use. The major oroblem is to find materials that 
will not corrode at the 5000*^ Farenheit temperatures involved and in the 
presence of tvi/o thousand miles per hour ionized gas flow. The MHD can be 
discarded as an active contender for a long life system because of its high 
development risk. 

The conventional dynamic or rotating turbine-generator unit mentioned above is 
by no means completely out of the race as a compact, portable, and efficient 
device for space. It may suffer from inherent reliability problems and operational 
difficulties because of the mechanical motion, but it is the reference against 
which other systems have to compete and be proved superior before their operational 
use is assured. However, even this system cannot be considered where the power 
requirements are below the kilowatt range. 

A more detailed consideration of electrical power sources in general use is 
given in the next paragraphs to permit source selection for a specific mission. 
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1.2 Projected Electric Power Levels 

Power requirements and Future spacecraft power levels can be derived from the 
NASA Mission Model, Shuttle System Payload Data Activity, Contract NAS-8- 
29462. Table 1-2 summarizes these power needs ranging from 140 to 2600 watts. 
Table 1-3 was obtained from the August 1971 report on Electric Power Processing 
Technology prepared by the subcommittee on Power Conditioning, NASA Research 
and Technology Advisory Committee on Power and Electric Propulsion. All of 
these electrical power requirements can be met with today’s technology. The 
selection of power sources for a given mission will be primarily a performance/ 
cost trade for that particular mission. 

There are 986 non-DOD space missions thru 1991 identified in NASA's October 
1973 mission model. Figure 1-1 shows a histogram of 798 of these spacecraft 
distributed between sortie and automated systems. Sortie payloads will inter- 
face with the shuttle fuel cell, and have no power system of their own. 
Radioisotope thermoelectric generators have been identified for outer planet 
missions only. Table 1-4 shows the planned missions and power requirements. 
Solar array/battery systems satisfy all other automated missions, and Table 1-5 
shows some typical mission power requirements. No other power sources are 
required during the next two decades. 
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Table 1-2 


Shuttle Payload Power Source Requirements 



POWER REQUIREMENTS, VTATTS 


BEGINNING 

ENO Of 

AVERAGE 

MISSlOtj 

OF LIFE 

LIFE 

(WATTS) 

GEOSYNCHRONOUS OPERATIONAL 

meteorological satellite (GOMS I 

- 

140 

* 

FOREIGN SYNCHRONOUS 
meteorological satellite IFSMS) 


140 

- 

EARTH RESOURCES SURVEY OPERATIONAL 
satellite (ERSOS) 

550 

- 


SYNCHRONOUS EARTH OBSERVATION 
SATELl ITE iSEOSi 

557 

402 

- 

EARTH OBSERVATORY SENSOR DEVELOPMENT 
LABORATORY 

“ 


2600 

(4600 PEAK) 

TRACKING AND DATA RELAY SATELLITE 
(TORSI 

466 

400 

- 

EARTH OBSERVATORY SATELLITE 
(EOSl 


- 

IDOO 

TIROS 0 

- 

- 

1000 

ENVIRONMENTAL MONITORING SATaLlTE 

- 

• 

1000 

SYNCHRONOUS METEOROLOGICAL 
SATELLITE (ADVANCEDI (SMSI 

900 

650 

- 

small APPLICATION TECHNOLPCV 
SATELLITE ISATS) 

• 


490 

(lOOG PEAK) 


< 

ca 

o 

LjJ 

O 

< 

Cu 

cn 


02 

u-t 

ca 



YEAR 


Figure 1-1. NASA Mission Model 
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Table 1-3 


Representative Future Mission Power Source Requirements 



MANNED VEHIOIS 

UNMANNED VEHICLES 

AIR 

BREATHING 

EARTH ORBITAL 

SOLAR ORBITAL 

AIRCRAFT 

SHUTTLE 

STATUS 

BASE 

SCIENCE 

NEAP. PLANET 

OUTER PLANET 

DEEP SPACE 

MISSION DURATION, HOURS 

40 

1,000 

20. OE) 

100,000 

7,500 

25.000 

109,000 

100. POO 

t/1 

a 

etc 

:=i 

o 

r>- 

o 

ci 

LU 

:z 

UJ 

O 

§ 

rD 

1— 

i/i 

O 

o. 

c; 

< 

o 

tn 

ARRAY CAPABILITY 
SUBSYSTEM CAPACITY 
BUS POLVER. WAHS 




500,000 
500,000 
200, OOO 

1,250 

1,000 

500 

100.000 

10,000 

5,000 



NUCLEAR 

STATIC 

THERMO- 

ELECTRIC 

SYSTEM CAPACITY 
BUS P0V\ER, WATTS 



30.000 

25.000 

250.000 

200.000 

600 

500 



1,200 

1,000 

o 

S' 

u 

3C 

1— 

SUBSYSTEM CAPACITY 
BUS POWER, WATTS 




250.000 

200.000 



150.000 

75.000 


DYNAMIC 

BRAYTON 

SUBSYSTEM CAPACITY 
BUS POWER. WATTS 



60,000 

50,000 

250,000 

200,009 



90.000 

75.000 


CHEMICAL 

STATIC 

FUEL 

CELL 

BUS POWER, WATTS 


5,000 







>- 

UJ 

5 

E5j 

BUS POWER, WATTS 



25.000 

200,000 

500 




[ DYNAMIC 

TURBINE 

generator 

BUS POWER, WATTS 

270,000 

10,000 
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Table 1-4 


Rasloisotope TtLermo elec trie Generator Power 


MISSION 

POWER REQUIREMENTS, WAHS 

MARS SURFACE SAMPLE RETURN 

70 WATTS "A" LANDER 

VENUS RADAR MAPPER 

(3) 400 WAHS TOTAL 

PIONEER SATURN/URANUS FLYBY 

(2) 140 WAHS TOTAL 

MARINER JUPITER ORBITAL 

(3) 400 WAHS TOTAL 

PIONEER JUPITER PROBE 

(2) 140 WATTS TOTAL 


( ) QUANTITY PER S/C 


NO .REQUIREIVENTS FOR RTG 
OUTSIDE PLANETARY DISCIPLINE 


Table 1-5 

Shuttle Automated Payload Solar Power Requirements 


DISCIPLINE 

NUMBER OF 
FLIGHTS • 

SOLAR ARRAYS 
NO,fTYPE 

POWER RANGE 
(WATTS) 

ORBIT LIFE (YEARS) 

ASTRONOMY & SOIAR PHYSICS 

11 

n/ROTATING (Z PANELS! 

150-1500 

2-3 

HIGH ENERGY ASTROPHYSICS 

S 

aiROTATING 12 PANELS) 

150-1200 

2-5 

ATMOSPHERIC & SPACE PHYSICS 

24 

2/ROTATlNG (4 PANELS) 
22 BODY MOUNTED 

200^00 

1-3 

EARTH OBSERVATIONS 

87 

69/ROTATING (2 PANELsi 
18 BODY MOUNTED 

140-960 

140 

2-5 

EARTH & OCEAN PHYSICS 

15 

13 BODY MOUNTED 
2 NO ELECT. S/S 

90-620 

0.5-5 

COMMUNICATIONS/NAVIGATION 

69 

34 ROLL-OUT 
7 BODY MOUNTED 
28/ROTATING 12 PANELS) 

300-500 

5-lD 

TOTALS: 


116 ROTATING (2 PANELS) 
2 ROTATING (4 PANELS) 
60 BODY MOUNTED 
34 ROLL-OUT ARRAYS 




• NUMBER OF FLIGHTS BASED ON JUNE 1973 MISSION MODEL 
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2.0 SYSTEM DOGOMENTATIOM AND TRADE STUDIES 

A cursory study of potential power sources and expected mission require- 
ments has resulted in the selection of the following five systems as 
representative of evolving standard power processing systems or a survey of 
present practice. More detailed information can be found in Appendix A thru E 
of this report 

2.1 APPLICATIONS TECHNOLOGY SATELLITE F . 

This is a 28 volt, photovoltaic power source with nickel- cadmium 
electrochemical energy storage incorporated in a direct energy transfer 
system that utilizes dissipative partial shunt regulation of the solar array 
and pulse-width-modulation of battery discharge power to provide a constant 
voltage bus without in-line processing of power from the source. This system 
appears to be the optimum solar array-battery combination for earth orbiting 
satellite systems. 

Utilization of power is decided autonomously by the central power 
processor. The first priority is that the electrical loads of the system 
must be satisfied, and power for the loads may be supplied directly from 
the solar array or by electronic boosting of the battery. If the loads 
can be satisfied by the solar array, any additional array power is used to 
charge the battery as a second priority. However, the battery charge rate 

i 

is additionally constrained to a constant current limit, and may be further 
reduced by an end-of-charge temperature compensated constant voltage limit. 

As a third priority, any excess array power over that required by the load 
and the battery charger is dissipated by a shunt regulator which maintains 
the solar array at a constant voltage point on its volt-ampere characteristic. 
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T-Then unifomly illuminated by tb.e sun, the solar array is a constant 
power source for any specific load. Maximum power is obtained at the knee 
of the volt-ampere characteristic. In a Direct Energy Transfer System, 
the solar array is designed so that peak power is available at the bus 
voltage level. The shunt regulator is turned on only when the available 
array power at the constant voltage operating point exceeds the needs of 
the spacecraft to satisfy load demand and battery charging. If efficiency 
is defined as the ratio of power required by the load and the battery 
charger divided by the power supplied by the source to satisfy this demand, 
then the system efficiency approaches 100 per cent. 

Since the solar array current is limited by area and light intensity, 
partial shunt regulation can be employed to reduce the thermal burden in 
the shunt elements. This is accomplished by determining the minimum number 
of solar cells necessary to satisfy the minimum load condition at the 
maximum array condition, and by shorting out the remaining solar cells 
necessary to satisfy the maximum load condition at the minimum array 
condition. Each solar array string is tapped at this point, and the 
partial shunt regulator is attached between the tap point and the negative 
bus . 

The gravity gradient test satellite was designed with a partial shunt 
regulator by General Electric. The vehicle was launched on 29 June 1966, 
and continued to operate until contact was lost in August 1972. 

The principal elements of DETS are shoTui in figure 2-1. Power from 
the solar array is transferred directly to the loads, accounting for the name 
applied to the approach. Power to and from the battery is processed 
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by the charge and boost regulators, respectively. A shunt regulator 
dissipates any excess power from the solar array, once load and charging 
demands are satisfied. The relative processing of power in the charge 
regulator, boost regulator and shunt regulator by a central control is 
indicated in Figure 2-2. The central control provides a signal proportional 
to the bus voltage deviation. The range of acceptable voltage deviation is 
nominally selected to be +1.5 percent of the bus voltage. At the upper limit 
of voltage deviation the shunt regulator is turned full on; full charge 
demands are satisfied depending on the battery status; and the load demands 
are met. With higher load demands or decreased array power, the shunt 
regulator dissipation is decreased, and completely turned off /■'hen the 
deviation is around + 0.5 percent. With further load demands, the array 
power is preferentially supplied to the load by gradually decreasing the 
available charge power to a point where charging is totally inhibited at a 
voltage deviation of around -0.5 percent. At this particular condition, 
the array power just satisfies the load demand. Further load demands are 
supplied by the boost regulator, which is at a full-on condition at a 
voltage deviation around -1.5 percent. 

In the sequence of operation just described, the voltage deviation signal 
serves to establish the operating condition of the various power processing 
elements. In the ATS implementation, the voltage deviation signal is 
amplified and each power processor is set to respond to nonover lapping 
regions of the amplified error signal. In this way the possibility of 
simultaneous shunting and boosting is avoided. 
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The principal advantages of the DETS approach are; 1. array power is 
used directly, and therefore, most efficiently; 2. the power output is 
voltage regulated, minimiaing the need for downstream regulation; 3, with 
charge power taken from a regulated bus, the range of operating conditions 
for the charge regulator is narrowed, permitting a more optimum design; and 
4, limitations on battery voltage variations are less stringent; the boost 
regulator can easily be designed to accept low battery discharge voltages. 

2.2 MARINER JPPITER/SATURM 1977 . 

This is a 29 volt, radioisotope thermoelectric generator power source 
with a limited amount of nickel-cadmium electrochemical energy storage 
incorporated in a direct energy transfer system that utilizes dissipative full 
shunt regulation of the radioisotope thermoelectric generator and pulse-width- 
modulation of battery discharge power to provide a constant voltage bus without 
in-line processing of the power from the source. This system appears 
to be the leading contender for outer planet satellite systems, and has 
the added unique feature of central inversion and distribution of 2,4 KHz. 

50 VAC square wave power to loads. 

The functional block diagram of Figure 2-3 shows the primary power 
source of three radioisotope thermoelectric generators (RTG's) coupled by 
the power source and logic unit to form a dc power bus. 

The power source and logic contains the circuitry necessary to inter- 
connect the RTG’s to the power conditioning equipment. This would include 
such things as isolation diodes and RTG shorting switches. 

The dc pox<rer bus is regulated to 29 vdc +^1% by a shunt regulator. The 
shunt regulator senses the common RTG voltage and maintains it by dissipating 
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Figure 2-3. Mariner Jupiter/Satum Foxier Subsystem Block Diagram 














the difference between RTG power available at 29 vdc and the spacecraft 
load demand. Voltage regulation of the RTG’s provides relatively constant 
loading and serves to maintain the RTG internal temperature near the design 
point. 

Power from the dc bus is transformed to 50 volts, rms, 2.4 KHz, single- 
phase, square-wave power by the main inverter for all spacecraft ac loads. An 
identical inverter in standby serves as a backup to the main inverter . Switch- 
over is controlled by Inverter failure detection circuitry located within the 
power control unit . 

The pox^er distribution assembly is designed to provide the required 
sx-Jitching and control functions for the effective management and distribu- 
tion of power to user loads. Poxxrer sxvfitching circuitry is designed to operate 
in response to commands from the computer command subsystem which can execute 
stored or real time commands. 

A 400 Hz, 3 phase inverter provides conditioned power to the attitude 
control subsystem gyros. 

A battery, with its associated charge and discharge electronics, x^ill 
provide the large magnitude, short duration pox^er required by a propulsion 
module during injection into interplanetary cruise. 

During planet encounter, the power margin betxxreen spacecraft load 
demands and RTG capability is minimal. It is intended that the battery be 
used to supply load turn— on transient poxxrer at this time. The battery energy 
that is removed during discharge is replaced x«jhen there is excess RTG poxrer 
being dissipated in the shunt regulator. A control signal from the shunt limits 
the charge rate so that some pox^rer remains in the shunt to keep it active and 
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able to maintain dc power bus voltage regulation. TThen spacecraft load 
demands deplete the power in the shunt, the shunt signals the battery 
discharge electronics to supply battery power to maintain dc bus voltage 
regulation. 

2.3 THREE-PHASE 400 HERTZ AIRCEAI'T ELECTRICAL SYSTEMS 

This is a prime-mover, rotating generator system used on most aircraft 
and on the space shuttle during some mission modes. It is a multi-kilowatt 
system and the power processing equipment principally converts the AC power to 
user needs. 

Generally, each aircraft engine drives an ac generator. These generators 
are tied into the ac mains thru circuit breakers that are activated when a 
phase sequencer confirms the correct phase relationship and when a voltage 
differential indicator shows that the generator and the bus are approximately 
in-phase. This instrumentation is located on an instrumentation panel in 
the cockpit, and is usually accomplished manually. 

Some of the ac power is applied thru approximately coordinated circuit 
breakers into converters that consist of input line filters, a step-doTTO 
transformer, a rectifier stack, and output filtering. Various rectifier 
circuits are utilized for this ac to dc conversion. Single-way circuits 
have fohnd general acceptance for high power applications since they require 
that load current flow thru only one rectifier; and the six-phase, double-;<jye 
with interphase gives the best overall performance in terms of minimum transformer 
volt-ampere rating, low output ripple, and rectifier rms current. 
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The transformer-rectifier is tied into the dc bus thru a reverse current 


relay. This is a hand-do^m from dc generator practice, but does protect the 
dc bus from a faulted rectifier. This relay has a main contactor coil, a 
reverse current coil, a bus voltage coil, and a voltage differential coil. 

^•Jhen the output of the transformer-rectifier rises to approximately 22 volts, 
the bus voltage coil closes a set of contacts that energizes the voltage 
difference coil. When the transformer-rectifier output voltage is at least 
one volt higher than the bus, the main contactor operates, closing the trans- 
former-rectifier into the bus. This protects against high transient currents 
when two low impedance devices are tied together. The reverse current coil 
will open the main contactor if the current flows from the bus into the 
transformer-rectifier, and the trip point is approximately 3% of rated current. 

The reverse current relay also has provision for a failure indicator 
that is energized when the main contactor is open. Unfortunately, this 
failure indicator is ambiguous when used with a solid-state converter rather 
than a rotary dc generator. The dc generator, If not energized, would draw 
reverse current and trip the relay. The reverse resistance of the transformer- 
rectifier is too high, however, and the transf onner-rectif ier failure light 
does not come on, even when the input circuit breaker Is tripped. 

A nickel-cadmium battery floats on the dc bus, absorbs charge current 
(and continuous overcharge current) when the transformer-rectifier output 
voltage is higher than the battery float voltage, and supplies power to 
essential equipment \^hen ac power fails for any reason. No other charge 
control method is utilized except initial voltage matching. 

Thro or more transformer-rectifier units are operated in parallel, with no 
forced sharing. The inherent regulation of the converter causes the units to 
share to within +10% typically. 
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Fault coordinatioa is provided such that downstream dc feeder fuses blow 
first, the transformer^rectifier input circuit breaker trips second, and the 
rectifiers within the transformer-rectifier fail short only if neither one 
of the two protective devices operates. 

2.4 FUEL CELL OR PRIMARY BATTERY SYSTEMS 

This class of electrical power systems is characterized by a time or load 
variant DC source voltage that results in series power processors to maintain 
constant voltage for user loads. 

Pure enegry source systems that are the result of chemical reactions are 
typified by short duration silver- zinc battery systems of up to seven days 
duration, and fuel cell systems such as Gemini, Apollo, and Biosatellite, These 
vehicles distribute the unregulated source voltage directly without in-line 
power processing, unless a number of loads have specific common requirements 
such as AC voltage. 

Power processing to condition the unregulated voltage into a constant DC 
level is accomplished at each user load, and each user performs his own trade 
study to determine the form of conditioning to be employed. These trade 
studies result in different conclusions, based on power level, required 
reliability, relative sophistication, cost, and the capability of the user to 
provide the optimum design. 

Every electrically actuated event that occurs in the system requires some 
minimum amount of power to guarantee that the event will occur. Since the 
event must occur equally as well at low input voltage as at high input voltage, 
the volt-ampere characteristic of each individual load is selected to insure 
that at minimum voltage an adequate amount of current will flow to power the 
event . 


2-10 
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2.5 SOLAR ARRAY AMD SEGOM)Alt.Y BATTERY SYSTMS j 

As part of this investigation, all present or planned solar array systems were j 

investigated to document concepts of intermediate voltage levels such as 
the Canadian Communications Technology Satellite, 120 volt systems^ 200 to 400 
volt systems proposed for the Solar Electric Propulsion Stage, and kilovolt 
array systems matched to user loads such as high power transmitters and ion 
propulsion. 

Although most spacecraft have been designed to operate at nominally 28 
volts dc and can benefit from the power system described in paragraph 2.1, 
various systems have been proposed or are being designed and developed to 
operate at higher voltage. The driving force to higher voltage is the weight 
of the distribution system at high power levels and at low power to weight 
figure of merit systems. 

The operating current density of the conductors for minimum vehicle total 
weight is determined by the watts per pound for the power system. 

The resistance of a conductor can be expressed as: 

R = where 

R 1= resistance in ohms 

n 

■ = resistivity of the material, ohm-inches '^/inch 

^ = length of the conductor, inches 

2 

A = cross-sectional area, inches 

Tlie electrical losses in a length of conductor at a current level 1 are then: 

Watts = I^R 
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and the weight of this same piece of conductor can he expressed as; 
Weight = A where 



specific weight pounds per cubic inch 
length, inches 

2 

cross-sectional area, inches 


Obviously the loss in watts can be reduced by adding cross-sectional area, 
and consequently weight. When the watts saved by adding one pound of conductor 
are equal to the ratio of total available watts to total power system weight 
for the vehicle, then the optimum operating current density has been determined. 


Ifew Watts = 

<5^ Ji. I^/ (A + dA) 


delta warts 

= G — (A + dA 

- A) = C5—Si dA 


A(A + dA) 

A(A + dA) 

new weight = 

= ^ (A + dA) 


delta weight 

= ^ (A + dA - A) 

II 

delta watts 

= I^dA 

2 

= I and rearranging, 

delta weight 

^ 5. AdA(A + dA) 

p A(A+dA) 


delta watts 

and in the limit as dA approaches zero. 

A (A^ + AdA)' 

delta weight 



I =AI ^ delta watts 

^ I ^L-delta weight " optimum operating current density, 
in amperes per square inch of cross sectional area of conductor, where delta 
watts /delta weight is the watts per pound trade-off figure for the vehicle. 
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When the weight of the 28 volt distribution system becomes excessive, its 
weight can be reduced proportional to an increase in operating voltage. As 

part of JPL Contract 953387 it was determined that the weight of the solar array 

distribution harness for a 10 kilowatt system could be reduced from 13 pounds 

to 3 pounds if the bus voltage was raised from 100 volts to 400 volts. 

Studies by Wilson and O'Connor of the Naval Research Laboratory have also 

shoxcrn that aircraft electrical systems co-uld benefit from a proposed standard 

230 volt dc distribution system. * 

A second consideration in bus voltage selection is the requirement of the 
load. When a significant portion of the available power is utilized by one 
load, the vehicle design is most efficient when the voltage is supplied in a 
form in which it can be used directly by the load. This was the objective of 
NASA Lewis contracts NAS 3”8995, NAS 3-8996, and NAS 3-8997. These studies 
defined solar array electrical configurations which regulate and reconfigure, 
by switching, a 16 kilovolt, 15 kilowatt array with electronics integrally 
mounted to the array substrate. The anticipated advent of satellites 
incorporating ion thrustors and high frequency electron tubes has created a 
need for 2,000 to 16,000 volt power. The present thrustors require from 
2,000 to 5,000 volts DC at the accelerator electrodes. The near future 
tubes may require up to 16,000 volts DC. 

The DC powei required for the thrustors and tubes is expected to be derived 
from solar arrays. For many satellites where thrustors and tubes are Involved, 
a major portion of the total solar array power will be used by these systems 
and used at relatively constant power levels during steady state operations. 
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Conventional solar arrays are wired to deliver power at less than 100 volts. 

For the present low voltage solar arrays to meet the high voltage requirements 
noted atove, it is necessary to transform the low voltage into a higher 
voltage through the use of heavy and complex power conditioning equipment. 
Typically, each one kilowatt of regulated power is delivered with 15 to 30 
pounds of power processing equipment. 

Systems tradeoff studies have eliminated conventional series and shunt regtilator 
systems and maximum power tracker systems in comparison to a system which 
achieves regulation by a binary-coded switching system. The selected 
discrete switching system (1) appropriately short circuits series connected 
solar cell groups to achieve voltage regulation and (2) reduces problems of 
rejecting excess array power and unneeded array power (when loads are off) 
hy operating the solar cells in a shorted mode, which produces considerably 
less total heat dissipation than other techniques. 


SECTION 3 

existing technique documentation 





3.0 EXISTING TECHNIQUE DOCUMENTATION 


Pov/er Processing Systems are usually designed by a trial-and-error niethod. 
Components are selected which appear to be anpropriate and a paper design 
based on the selected components is completed, then modeled, simulated and 
analyzed to determine its adequacy. If the design specifications are not met, 
the paper design is modified by selecting different components and/or by re- 
designing the system. The modified design is then analyzed. This iterative 
procedure continues until a satisfactory design is achieved. 

The currently used methods for designing power orocessing systems are time 
consuming and generally do not lead to an optimal system. There is need for 
a method which will permit the design to be completed more expeditiously. 

This report presents such a method in Section 4. It shows how a digital com- 
puter may be used in an interactive mode for the design, modeling, analysis 
and comparison of power processing systems. 

This section of this report summarizes the results of a literature search for 
available design, analysis, and modeling techniques applicable to power pro- 
cessing systems. These techniques consist of simulation, circuit analysis, 
and circuit synthesis programs. There is extensive reference to the litera- 
ture in the areas of power processing design procedures, design criteria, and 
complete systems applications. In addition, power source information is in- 
cluded since power processing systems are highly dependent upon the povsier 
source. 

The following literature source files of data from 1967 to the present were 
consulted in the compilation of this data: 
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The Institute of Electrical and Electronics Engineers 

Engineering Index 

Moore School Library Listings 

Moore School Master's Theses and Dissertations 

General Electric Space Center Document File 

General Electric Space Center Library 

NASA Computer Program Abstracts 

University of Pennsylvania Computer Documents Library 
Department of Defense Listings 
Computing Reviews Journal 
Datamati on 

Proceedings of International Symposia on Computer Aided Design 
Defense Documentation Center - Space Pov;er Processing Report Bibliography 

A literature search and a survey of industry, university, and governmental 
agencies was initiated in October, and continued during the next two reporting 
periods to identify existing modeling and analysis techniques. A standard 
reporting format has been prepared, and was used to document approximately 
385 pertinent existing programs. 

NASA Literature Search Number 24412 yielded 178 open references to space power 
electrical processing, conditioning, and conversion systems, and 11 additional 
limited distribution references. The Defense Documentation Center Search 
Number 010358 produced 18 additional references to Space Power Processing. 

A report on the results of this literature search. Modeling and Analysis Tech- 
niques, dated 26 March 1974, was published and was distributed. 

This task was completed nrincipally by Mr. Peter Blair, assisted by Mohammed 
El-Nowehi and Hou-Shing Shu, all graduate students at the Moore School of 
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Electrical Engineering, University of Pennsylvania, under the direction of Dr. 
Kenneth A. Peg ley. 

3.1 Computer Aided Design Procedures 

A survey yielded 23 reports of applicable specific power processing design pro- 
cedures that utilize computer oriented techniques for at least some portion of 
the design process. The information from these procedures will provide input 
for the formulation of a management program. Seventeen additional sources 
were identified for background reference. These items were documented in a 
Task 3 Report, "Modeling and Analysis Techniques". 

3.2 Simulation and Analysis Languages and Programs 

A review of computer program languages in which the design management program 
can be written is presented. The most important feature of the language that 
is finally selected is the availability of interactive programming. However, 
a variety of other factors must be considered as v/ell. The information from 
these sources will provide input for the organization of the computer based 
management program. More specifically, it will help define the access pro- 
cedure to use the management program, and the options that are available to 
the user in terms of interaction, display, storage, and information handling 
capabilities . 

The analysis programs will be accessed by the management program at the option 
of the user in the design process. Use of available analysis programs at both 
the system level and specific design level would be attractive and are included 
here. This includes programs involving circuit analysis, circuit synthesis, 
and system simulation. 

The following are examples of programs available for mathematical programming, 
system simulation, and analysis and synthesis. 
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3.2.1 Mathematical Programming (Compiled from UNICOLL Newsletters) 
MATHEMATICAL PROGRAMMING 
PROGRAM NAME: MPS 360 

MPS/360 is a linear programming package which performs linear, parametric, 
and separable programming. In addition, MARVEL, the file processor for 
MPS/360, may be used for data preparation and matrix generation. The Report 
Generator Program RPG, may be used for output analysis and management report 
writing. 


LINEAR PROGRAMMING 
PROGRAM NAME; MFOR/360 

This program uses the revised simplex method with product form of the inverse 
to solve linear programming problems. The program can handle problems with 
variables up to 2000, subject to constraints up to 511, with total entries 
not more than 12,000. 


LINEAR PROGRAMMING 
PROGRAM NAME: LINPROG 

This program solves linear programming problems using the simplex method. 
Possible degeneracies are taken into account Via the method of Charnes, The 
program is written in double precision and can handle problems of moderate 
size. 


SEQUENTIAL UNCONSTRAINED MINIMIZATION TECHNIQUE FOR NON-LINEAR PROGRAMMING 
PROGRAM NAME; SUMT 

This program solves nonlinear programming problems by solving a sequence of 
unconstrained minimization problems. The algorithm is based on the method 
of Fiacco and McCormick. 


LINEAR AND QUADRATIC PROGRAMMING 
PROGRAM NAME: LQPROG 

This program solves linear and quadratic programming problems using 
Lemke's complementary pivot algorithm. The program can handle problems of 
medium size. 
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ZERO'-ONE INTEGER LINEAR PROGRAMMING WITH HEURISTICS 
PROGRAM NAME: ZER00NE 

This program is designed to solve linear programming problems whose variables 
are restricted, to the values zero or one. The program utilizes the v/ell -known 
additive algorithm of Egon Balas, combined with a group of user-selected 
heuristic test options designed to speed solution time by taking advantage of 
individual problem characteristics. 


WOLFE QUADRATIC PROGRAMMING 
PROGRAM NAME: WOLFEQP 

This program solves quadratic programming problems using the WOLFE algorithm. 
The program is written in dcuble precision and can handle problems of limited 
size. 


BRANCH AND BOUND MIXED INTEGER PROGRAMMING 
PROGRAM NAME: BBMIP 

This program employs a branch and bound algorithm based upon the Land and 
Doig method to solve mixed and pure integer programming problems of limited 
size. The region of integer variables to be restricted must be specified by 
the user of this progi"am. 


INTEGER AND MIXED INTEGER LINEAR PROGRAMMING 

A 

PROGRAM NAME: INTEGER 

This program solves integer and mixed integer linear programming problems 
via the Land-Doig branch and bound method. The program provides information 
for drawing the branch and bound network so that the behavior of the search 
process can be followed. 


JOB SCHEDULING AND OPTIMIZATION FOR MINIMUM TIME, OR MINIMUM DISTANCE 
PROGRAM NAME: JOBSCH 

This program is designed to solve the general case of the Job Sequence Optimiza- 
tion or the Traveling Salesman Problem. This program will find the minimum or 
near-minimum distance required to travel to specific locations and return. It 
will also solve both symmetric and non-symmetric problems. Non-symmetric 
problem applications may include setup and grade-changes, and military 
reconnaissance flight planning. Symmetric problem applications may include pin 
assignment, traveling salesman, and truck routing. 
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GENERAL NON-LINEAR LEAST SQUARES PROGRAM 
PROGRAM NAME: GNLLS 

UNI-COLL has s Ignifi cental y iinproved the performance of the General Non- 
Linear Least Squares program (GNLLS). On October 15, 1973, VIMI will 
supercede VIMO (documentation dated: 7/26/71) and will be available to 
UNI-COLL customers. This program provides an arbitrary function fit to a 
set of data points. The new version provides a reduction in run time, larger 
program capacity (parameter estimates and number of independent variables), 
more accuract results, a CPU execution time report, and more readable listings 
of control card parameters and output results, 

GNLLS is written in FORTRAii IV (Gl). 


CONSTRAINED OPTIMIZATION VIA MOVING EXTERIOR TRUNCATION 
PROGRAM NAME: COMET 

COMET (Constrained Optimization via Moving Exterior Truncation) is designed 
to solve the general nonlinear programming (NLP) problem. The program uses a 
new penalty function which controls convergence to a constrained solution. 
Specifically designed to be easily executed by those with limited NLP exper- 
ience, COMET is able to solve a wide variety of problems with varying numbers 
of inequality and equality constraints and having as many as 100 variables. 

COMET may also be used for unconstrained minimization and provides an option 
for using a numerical differencing technique to approximate partial derivatives. 
The program is written in double precision in FORTRAN IV (Gl) and is due to 
R. L. Staha and D. M. Himmelblau of the University of Texas, at Austin. 


3.2-2. System Simulation (Compiled from UNICOLL Newsletters) 

© GPSS V is an IBM Program Product particularly well suited for modeling 
discrete systems which involve scheduling and queues. It offers ease in 
describing systems whose logic is extremely complex or which defy mathematical 
description and has been used to solve problems in information system design, 
communications networking, and advanced management planning. Particle or 
material -oriented, GPSS V employs a variable time-incrementing method and a 
specialized block diagram flowcharting convention. It offers the capability 
to interface with routines written in Assembler, FORTRAN, and PL/1. 
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• SIMSCRIPT 11.5 is a powerful, versatile, general-purpose language. It pro- 
vides excellent facilities for discrete system simulation and a wide choice 
of statistical distribution functions. Event-oriented and employing a 
variable time-incrementing method, SIMSCRIPT 11.5 interfaces with routines 
in FORTRAN or Assembler Language. The programmer uses a free-form English-like 
language which offers many optional words and synonyms for clarity of 
expression. The UNI-COLL implementation is Release 7 of a proprietary 
product from Consolidated Analysis Centers, Inc. 


t GASP II is a FORTRAN-based programming language for discrete system simula- 
tion, relying on pre-programmed FORTRAN subroutines. Simple and easily learned, 
GASP II is event-oriented and uses a variable time-incrementing method. Its 
programs are easily debugged. The UNI-COLL implementation includes a graph 
routine for plotting histograms. 


« DYNAMO II is a programming language for continuous system simulation, 
developed originally for studying the closed loop feedback systems typical 
of industrial dynamics, in which systems are modeled as sets of differential 
equations. Useful for any continuous system, DYNAMO II has been widely 
employed to study business, social, economic, biological, psychological, and 
engineering systems. The version implemented at UNI-COLL is a proprietary 
release from Pugh Robert Associates, Cambridge, Massachusetts; it employs a 
fixed time-incrementing method and a specialized flowcharting convention. 


• CSMP is an IBM Application Program for uie modeling of continuous systems, 
accepting problems expressed in the form of an analog block diagram or as a 
set of ordinary differential equations. Problem-oriented control statements 
facilitate input and output; the CSMP program interfaces with FORTRAN, 
enabling the user to handle complex non-linear or time-variant problems with 
ease. CSMP utilizes a fixed time-incrementing method; the UNI-COLL implementa- 
tion includes an option for graphic representation of output on the Cal Comp 
pi otter. 


• GASP IV, a recently announced extension to GASP II developed at Purdue University, 
is in effect a new simulation language comprising a set of FORTRAN sub- 
routines for preparing discrete, continuous, or combined simulation models. 
Experience with GASP IV has been limited to date; in its development stage, 
it has been used tc code a number of dynamic models from the systems dynamics 
literature, a mechanical impact, slip-clutch problem, and a chemical engineering 
problem involving hydrogeneration reactions in four reactors. 
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SAAM25 Is a simulation; analysis; and modeling program developed at the 
National Institutes of Health primarily for simulation of biological systems - 
more specifically, for kinetic models. Permitting both simulation and curve 
fitting, it differs from other programs in that its language is oriented to 
the biomedical system investigator; its elements and computational procedures, 
likewise, are counterparts of the conceptualizations and experimental 
methodologies used by this breed of researcher. Any set of mathematical 
functions or equations (differential, integral, or algebraic) may serve as a 
model, provided that a numerical or analytical procedure exists for their 
solution. A library of model types is incorporated within the program as 
modular components for routine use. Made possible by the use of a single 
set of computational parameters and variables throughout the program, a 
common data input format is used for all model types. By minimizing the number 
of entries required to specify a model and its constraints, its designers 
have further simplified the use of this large, complex FORTRAN IV program, 

‘Which comprises more than 25,000 statements. 


3.2.3 Analysis and Synthesis (Compiled from NASA Computer Program Abstracts 7/71) 

NIMBUS ENERGY BALANCE COMPUTER PROGRAM 

SOURCE; Radio Corporation of America, New York 

FORTRAN IV 1 ,342 cards 
IBM 360 

The program performs an electrical energy balance analysis of each power system 
on a per-orbit basis. The purpose is to simulate the operation of various 
power subsystems as the spacecraft passes through a complete orbital cycle. 

The simulation is accomplished by combining the known electrical characteristics 
of the solar array, battery, source control devices, load power conditioning 
devices, charge controller, system power losses, and spacecraft load profiles. 

A running tally of the various power system operating parameters is provided 
throughout the simulated orbit; these parameters are printed out at user- 
specified time increments during the orbit. 


CIRCUS: A DIGITAL COMPUTER PROGRAM FOR TRANSIENT ANALYSIS OF ELECTRONIC CIRCUITS 

SOURCE: Boeing Co., Seattle Washington 

FORTRAN H (93%), ASSEMBLER ( 7 %) 6,987 cards 
IBM 360, Release 11 

This program is designed to simulate the time domain response of an electronic 
circuit to an arbitrary forcing function. CIRCUS uses a charge-control 
parameter model to represent each semiconductor device. When given the primary 
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photocurrent induced in the semiconductor devices, the transient behavior of a 
circuit in a radiation environment can be determined. The program initially 
sets up time-domain circuit equations from a topological description of the 
netvsfork. Steady-state initial conditions are found by setting the 
differential equations to zero, then evaluating the transient solution by 
numerical integration of the differential equations. The program output includes 
the input data and columnar listings of network variables vs time. Virtually 
any circuit variable including currents and voltages internal to the semi- 
conductor devices, may be displayed. Although no plotting capability is 
ordinarily supplied with CIRCUS, provisions have been made for saving 
variables on tape for subsequent plotting or further analysis by other programs. 


ANALYSIS PROGRAM 

SOURCE: General Dynamics Corporation, San Diego, Calif. 

FORTRAN IV 1,421 cards 
CDC 6400; IBM 7094 

Determination can be made of the Laplace transform of linear electronic net- 
works. The corresponding poles and zeros, as well as the frequency and/or 
time domain response of a network can also be found. Input requirements are 
a list of elements (described by their terminal node numbers, element types, 
and elemental values), the input and output node numbers, and the type of 
desired network function (driving point impedance, voltage transfer' function, etc) 
The program then calculates the coefficients of the required network function, 
the poles and zeros, frequency response, and transient response to an arbitrary 
input. Allowed element types are resistors, capacitors, inductors, non-ideal 
transformers, and voltage-controlled current sources in arbitrary configuration. 
Network size is limited to 12 - 15 nodes, 25 - 30 elements. 


DC CIRCUIT ANALYSIS 

SOURCE: Boeing Co., Seattle, Washington 
FAP 4,260 cards 

IBM 7094 with Boeing FORMON Monitor 

This program analyzes any number of linear direct current circuits per run, 
giving detailed results for each circuit. The program accepts as input the 
topological description of the circuit to be analyzed. From this description, 
tables are formed, and topological matrices are formed from the tables. The 
topological matrices describe the circuit geometry and can be used throughout 
an analysis of one particular circuit configuration. Matrices containing the 
parameter values are manipulated with the topological matrices to form the 
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system matrix. The system matrix represents a set of n independent simultaneous 
equations which are solved for the voltages at the dependent and first-order 
dependent nodes. From these voltages, the voltage at each second-order 
dependent node is found along with the value of the connecting voltage source. 

The program next finds the voltage drop across, the current through and the 
power dissipated by each circuit element. Partial derivatives of any circuit 
variable can be taken to determine the parameter value necessary to create the 
desired worst-case condition and the sensitivity of a solution variable with 
respect to all the circuit parameters. 


A LINEAR CIRCUIT ANALYSIS PROGRAM CCIRCS) 

SOURCE: Jet Propulsion Lab., Calif. Inst, of Tech., Pasadena 

FORTRAN IV 6,782 cards 
IBM 1 620/1311 

The program can solve a linear network containing a maximum of 15 nodes 
(excluding ground) and 45 branches. Transistors and diodes can be included 
in the network as linear models and a special data card allows the user to 
describe the base, collector, and g or 6 characteristics of the transistor. 
Mutual inductance is not considered. A^Mandex Worst Case is available with 
the dc program. The sensitivities computations in CIRCS gives the user a 
perspective as to the percentage effect that a particular input parameter 
has on a particular node voltage with respect to the remaining input para- 
meters. Linear approximations for the differentials and integrals in the 
transient program are substituted, thereby reducing the system of differential 
equations to a system of algebraic equations. 


GERT: SIMULATION PROGRAM FOR GERT NETWORK ANALYSIS 

SOURCE: National Aeronautics and Space Administration, Electronics 

Research Center, Cambridge, Mass, 

FORTRAN IV 1,359 cards 

IBM 1130 

This program can accommodate GERT networks which have EXCLUSIVE-OR, INCLUSIVE- 
OR and AND logical operations associated with the input side of a node. The 
branches of the GERT network are aescribed in terms of a probability that the 
branch is realized and a time to perform the activity represented by the branch. 
The time associated with a branch can be a random variable. The results 
obtained from the GERT simulation program are; (1) The probability that a node 
is realized; (2) The average time to realize a node; (3) An estimate of the 
standard deviation of the time to realize a node; ( 4 ) The minimum time observed to 
realize a node; (5) The maximum time observed to realize a node; and (6) A 
histogram of the times to realize a node. Normally this information is obtained 
for each sink node of the network. The program is written to permit the 
information to be obtained for any node specified in the Input data. A 
comparison report is available which describes in detail the required input 
data. 
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ALTERMATING CURRENT CIRCUIT ANALYSIS 
SOURCE: Boeing Co., Seattle, Wash. 

FORTRAN IV (91%), MAP (9%) 1,341 cards 
IBM 7094 

The ac analysis program is used by an electronic design engineer to aid 
in designing and analyzing linear ac circuits. The program automatically sets 
up nodal equations from a description of linear ac circuit. Topological des- 
criptions of the circuits to be analyzed are input. All parameter units are 
assumed to be in volts, ohms, amps, and watts, although a consistent scaled 
system may be used. Various matrices are generated from the nodal description. 

The equations are solved for the node voltages which in turn are used to calculate 
the voltage drop, current, and power dissipation in each circuit component. 

It also checks the integrity of the network and its function. There is no 
limit to the number of circuits that may be analyzed in a single computer run. 
Since the program can analyze any number of circuits per run and gives very 
detailed results for each circuit, the program will result in a very signif- 
icant tool for automated circuit design. 


GERT EXCLUSIVE OR PROGRAM: COMBINING PATHS AND LOOPS OF ELECTRICAL NETWORKS 

SOURCE: National Aeronautics and Space Administration, Electronics Research 

Center, Cambridge, Mass 

FORTRAN IV 849 cards 

IBM 1130 

The program reduces an electrical network with multi -parameter branches 
to a network which has only a single branch connecting source nodes to sink 
nodes. It calculates the probability, mean and variance of the time to go 
from each source node to each sink node of the GERT network. It also deter- 
mines the paths and loops associated with the network and combines the values 
associated with paths and loops according to a topology equation which 
obtains the parameters associated with the equivalent. 


A HEURISTIC FOR COMPUTER-AIDED SYNTHESIS OF MULTIPLE-OUTPUT ALL NAND COMBIN- 
ATIONAL-LOGIC CIRCUITS 

SOURCE: Sandia Corp., Albuquerque, N. Mex. 

FORTRAN 1 I 846 cards 

SDS 930, CDC 3600 

Logic circuits consiut two primary types; combinational and sequential. 
The combinational logic circuit derives : ts output from inputs that are 
present at a given time, while the sequential-logic circuit contains memory 
elements such that its output is determined by the inputs present at a given 
time plus the time history of these inputs. Using the heuristic, this pro- 
gram performs the necessary operations for evaluating the heuristic and 
synthesizing combinational-logic circuits. In addition to three-input, 
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one-output circuits that are synthesized, four-, five-, and six-input, 
one-output circuits have been attempted to determine if the heuristic 
fails as the complexity of the desired circuit increases. Only six-input 
circuits with memory overflow do not complete. Because of the computer 
memory size, no more than six input circuits can be synthesized with the 
program. Seven inputs could be handled with more efficient use of 
memory, but, beyond that, more than one core loading v/ould be required. 


PERFORMANCE ANALYSIS OF ELECTRICAL CIRCUITS (PANE) 

SOURCE: Boeing Co., Seattle, Wash. 

FORTRAN H (66%), ASSEMBLER (345^) 5,600 cards 
IBM 360, Release 11 

An automated statistical and worse case IBM system 360 computer 
program performs dc and ac steady state circuit analyses. The program 
writes a set of real (dc analysis) or complex (ac analysis) circuit 
equations in matrix form from a topological description of the circuit 
components and their interconnections. The program determines the worse 
case circuit performance by solving the circuit equations with each input’ 
toleranced to produce the minimum and maxumum value of each output para- 
meter, It also performs a Monte Carlo statistical analysis by solving 
the circuit equations repeatedly, using random selections of the input 
parameter values, according to user specified density distributions, thereby 
producing a statistical variation of each output parameter. The program 
handles 60 dependent nodes (other than ground or those connected to 
independent voltage sources). The ac program accepts resistors, capacitors, 
inductors, independent voltage and current sources, voltage dependent current 
sources, any ac equivalent transistor model using voltage dependent current 
sources, and diodes represented by their ac equivalent. 


GENERAL FREQUENCY RESPONSE PROGRAM 


SOURCE: Boeing Co., Seattle, Wash. 

FORTRAN IV (95"^), MAP (5i^) 1,071 cards 


IBM 7094/7044 DCS 

In recent years, perhaps due to early successes in military applications, 
the analysis of automatic control systems has become an important problem in 
many diverse disciplines. A central question is that of stability: Do the 

dependent variables describing a dynamic system remain bounded under the 
perturbations arising from the physical environment? Because of its ease 
of application, the frequency response method is a natural tool for stability 
investigations. This computer program provides the frequency response of 
any linear feedback control system. The General Frequency Response Program enabl 
computation of the open loop frequency response of a closed loop control 
system. The system characteristic matrix, obtained from the Laplace trans- 
formations of the dynamic and control equations, is input to the program. 

A variety of outputs is available, including a detailed print, a summary 
print, and Nyquist and Bode plots. Other program features of interest are 
parameter variation, amplitude to decibel conversion, and linear interpolation 
of amplitudes and phases at critical ^f^oints. 
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SOLUTION OF NONLINEAR ALGEBRAIC EQUATIONS CHARACTERISTIC OF FILTER CIRCUITS 
SOURCE: Northrop Space Labs., Hawthorne, Calif. 

FORTRAN IV (99%), MAP (1%) 6,160 cards 
IBM 7094, SC 4020 Plotter 

This program is designed to solve sets of nonlinear algebraic equations, 
which are characteristic of filter circuits. The unknowns in the equations 
are the values of resistances, inductances, and reciprocals of capacitances 
which occur in a filter circuit. Each equation consists of a sum of terms 
with each term consisting of the product of several unknowns and with the 
coefficient of each term equal to unity. This program has been used successfully 
to solve sets of equations in 6 unknowns and 13 unknowns. The program 
utilizes a combination of Kizner's method and the Freudenstein Roth technique 
in solving for the roots of the equation. After obtaining the roots, the 
program selects standard circuit components whose values approximately 
match the actual roots. 


PROGRAM FOR IMPROVED ELECTRICAL HARNESS DOCUMENTATION AND FABRICATION 
SOURCE; General Electric Co., Philadelphia, PA 
FORTRAN IV{98.4%), MAP (1.6%) 5,594 cards 
IBM 7094 

A package of programs produces an automated printout of the electrical 
harness interconnection wiring table, necessary subsequent to the establish- 
ment of electrical harnessing requirements for the Nimbus Spacecraft. The 
programs provide an automated crosscheck of reciprocal pin/connector assign- 
ments, and improve the accuracy and reliability of final documented data. 

The interconnection wiring table stipulates wire size and type, connector 
identification and type, pin identification, shielding, splicing and bussing 
requirements, special harness fabrication and test requirements, and identifies 
reciprocal pin/connector assignments for all wiring within a harness segment. 
The interconnection table provides the basic information for the preparation 
of harness parts listings, mockup harness development, harness drawings, 
harness boards, and fabrication and testing of prime harnesses. 


ANALYSIS OF DC CIRCUITS (R1113) 

SOURCE: National Aeronautics and Space Administration, Langley Research 

Center, Langley Station, Va. 

FORTRAN rV (82%), MAP (15%), OBJECT (3%) 8,023 cards 

IBM 7090/7094 

ASAP (Automated Statistical Analysis Program) is a D. C. circuit analysis 
program. In contrast to previous programs, ASAP does not require that the 
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circuit equations be written and solved to produce a Monte Carlo statistical 
analysis. By using a nodal description of the circuit in English text free- 
format style, ASAP will write circuit equations, solve them algebraically, 
write and compile a FORTRAN subroutine, and run the statistical analysis. A 
considerable amount of programmer time can be saved and careless errors 
eleminated by this method. The ASAP 11 program is designed and programmed 
to accept the user's simple topological description on his circuit, and the 
component parameter information, such as their nominal values, the tolerances 
and the type of dens ityf unction that characterizes each component. The 
output of this program is another computer program which contains all the 
statistical information and mathematical models of the circuit and its non- 
linear components. The second part of this program, STRESS, performs the 
statistical analysis. 


DETERC 

SOURCE: Rocketdyne, Canoga Park, Calif. 

FORTRAN IV 510 cards 
IBM 7094 

Laplace transfer functions of networks are determined. Inputs to the 
program are of determinants of second-order expressions, usually containing L, C. 
and R of electrical networks or analogous quantities. The program expands 
the determinants by minors to obtain the numerator and denominator polynomials 
of the transfer functions. These polynomials are then factored using BROOT as a 
subroutine. (See MFS-1502, M69-10348, Volume 1, Numbers 1 and 2, July 15, 1969 
of this publication.) Determinants up to the tenth-order (10 • 10) can 

be used. 


A DIGITAL COMPUTER PROGRAM FOR PASSIVE NETWORK SYNTHESIS SUBJECT TO A QUANTIZED 
VALUE CONSTRAINT 

SOURCE: International Business Machines Corp. New York 

FORTRAN IV, E-Level Subset 626 cards 
IBM 360, Release 11 

This program synthesizes an electrical network. It determines that combin- 
ation of element values which yields a close approximation to a desired transfer 
function denominator for one of several net\i/ork configurations from which any 
element{s) may be deleted. It is the responsibility of the user to determine 
the tank circuit values which give the desired numerator, and to determine the 
resistor values which give the desired resistance. These determinations can be 
made using conventional network analysis techniques. The criterion for the 
selection of a particular set of component values is the summation of the 
squared differences between the coefficients of the desired transfer function 
and the corresponding coefficients for the specified component values. In order 
to minimize the total error, an organized search is made on the undetermined 
component values. This is done by perturbing individual elements and deter- 
mining the effect on the total error. 
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REALIZATION PROGRAM 


SOURCE: General Dynamics/Convair, San Diego, Calif 

FORTRAN IV (100%) 1,244 cards 
IBM 7090; CDC 6400 

Frequency selective networks are designed when the netwc-k configuation 
or topology is given. The element values are perturbed until the final 
design (if possible) is achieved. The program specifies the final design 
by prescribing element values and/or a network function T(S). It is assumed 
that the approximation problem has been solved and that the coefficients 
of the desired network functions are known. The principal features of the 
program are its abilities to accept arbitrary topologies, to grow new elements, 
and to converge rapidly. It is possible to generate filters with prescribed 
loss from lossless filters or to design bandpass amplifiers to accomodate 
transistors with prescribed small signal equivalent circuits. Also, the 
frequency characteristics of networks can be altered by adjusting certain 
elements. For example, passive or active linear phase filters can be trans- 
formed from a design originally having a Tchebysheff amplitude response. 


DIGITAL FILTER SYNTHESIS PROGRAM 

SOURCE: National Aeronautics and Space Administration, Ames Research Center, 

Moffett Field, Calif. 

FORTRAN IV (33%), MAP (67%) 1,557 cards 

IBM 7040/7094 

This program allows any continuous function of a complex variable to 
be expressed in approximate form as a computational algorithm or difference 
equation. Once the difference equation has been developed, digital filtering 
can be performed by the program on any input data. The bilinear transform 
method of digital filter synthesis orginated by Steiglitz is automatically 
implemented by the program. The method allows synthesis of the difference 
equation for digital filtering with the initial specifications for filter 
performance given in terms of the analog prototype in the frequency domain. 
Thus, the digital filter can be derived from the transfer function for the 
real time analog equivalent network. Documentation for this program is also 
available as NASA TM X-62000 from the National Technical Information Service 
(NTIS). Springfield, Virginia 22151. 


ELECTRICAL FILTER SYNTHESIS PROTOTYPE 
SOURCE: Lockheed Electronics Co., Plainfield, NJ 

FORTRAN IV 1,746 cards 
IBM 360/44 

Synthesis of one of three different types of electrical filters is provided; 
the maximally flat or Butterworth filter, the equal -ripple or Chebyshev filter, 
or the linear-phase or Bessel Filter. The filter may have one of four possible 
pass-band characteristics; low pass, high pass, band pass, or band reject. The 
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program is designed for use with two digital cathode ray tube screens. One 
tube displays instructions for the operator's selection, and the other dis- 
plays the results of the frequency response analysis for the systhesized 
filter. 


PASSIVE NETWORK DIGITAL PROGRAM 
SOURCE: Boeing Co., Seattle, Wash. 

FORTRAN II (44%) FAP (55%), OBJECT (1%) 5,791 cards 
IBM 7094 

This general purpose program is designed to perform the analysis of any 
linear lumped-parameter passive electrical network. The network is described 
to the program by listing elements and the direction of loop currents flowing 
through them. The program also calculates the poles and zeroes of input 
impedance and transfer admittance, and the frequency response of both. The 
passive network program is written in FORTRAN 2. However, some of the subrou- 
tines are coded in FORTRAN assembly language (FAP) andare not available 
on the source level. Therefore, all production is done using a binary version 
of this program. This binary deck has been generated on an IBM 7094 computer 
operating under a FORTRAN 2-version 3IBSYS monitor. It is doubtful that the 
binary deck will function properly under any other system than the one men- 
tioned above. 


IBM ELECTRONIC CIRCUIT ANALYSIS PROGRAM (ECAP) VERSION 1 
SOURCE: Boeing Co., Seattle, Wash. 

FORTRAN H 5,649 cards 
IBM 360, Release 11 

The Electronic Circuit Analysis Program (ECAP) is an integrated system of 
programs to aid in the design and analysis of electronic circuits. Dc, ac, 
and transient analyses of electrical networks can be produced from a descrip- 
tion of the connections of the network (the circuit topology), a list of 
corresponding circuit element values, a selection of the type of analysis 
desired, a description of the circuit excitation, and a list of the output 
desired. ECAP recognizes standard electrical circuit elements. Any electrical 
network that can be constructed from the different elements in the set can be 
analyzed by ECAP. There is almost no limit to the number of ways that the 
circuit elements can be arranged in the network. The set of standard circuit 
elements does not include electronic components, but in many cases, these 
components are easily simulated by means of equivalent circuits constructed 
of standard elements. Examples are included in this manual that involve the 
use of equivalent circuits. 
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BELAC 


SOURCE; General Electric Co., Philadelphia, PA 
FORTRAH IV 11,117 cards 
IBM 7040; GE 635 

A method of quickly simulating a linear, time-invariant, lumped-constant 
network is provided. Input consists of the component values and their inter- 
connections. Components recognized by the program include resistors, capacitors, 
inductors, independent voltage and current generators, voltage or current 
generators dependent on voltage or current, transformers, 2-part parameters, 
transfer functions, and gyrators. Output can be currents, voltages, impedance, 
gain, etc. One run produces any or all of the following concerning the output 
variables: frequency or time response tabulated and plotted, ac/dc sensitivies 

to parameter variations, ac/dc \-jorse case analysis, optimizing to a frequency 
domain or dc specificati-on, poles and zeros, etc. The most important assets 
of this program are its simple input format and its flexibility. 


PASSIVE NETWORK PROGRAM 

SOURCE: Boeing Co., Seattle, Wash. 

FORTRAN IV (100%) 1,128 cards 
IBM 360 

Calculations are made of the input impedance and transfer function of 
an electrical network composed of such components as capacitors, resistors, 
and inductors. The poles and zeros of the input impedance and network transfer 
function are computed. A user description of the network is provided using 
a problem-oriented input data sheet, and the input impedance and transfer 
function are expressed as ratios of real polynomilas P(s)/Q{s). The roots of 
P(s) and Q(s) are also expressed. The program can be used for any R-L-C 
filter network with a maximum of 40 components and 20 current loops. 
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3.3 Design Factors 


A multitude of factors influence design decisions both directly and indirectly. 
Twenty- four reports were identified that provide infomiation that will des- 
cribe the nature of the interaction points in the management program (e.g., 
relative trade-off parameters). These documents were identified in a Task 3 
Report, "Modeling and Analysis Techniques". (See references) 

3.4 Design Procedures 

This section deals with conventional methods of power processing system design. 
Computerized design procedures have normally evolved from such conventional 
procedures. Information from these references shed light on what assumptions, 
decisions, and conclusions were made in the past computerizations of design 
procedures, and twenty such references were documented in the Task 3 Report. 

3.5 Component Design 

The nature of components influences the nature of a design procedure. Sixty- 
three examples of specific subsystem characteristics that will dictate the 
nature of the format of computerized storage of a large number of subsystems 
were documented in the Task 3 Report to provide the significant key words to 
be used in a random access memory information storage system. 

3.6 Complete System Examples 

Twenty-nine examples of complete power processing systems that have evolved 
from both conventional and computerized design procedures were documented in 
the Task 3 Report. They will indicate the nature of final requirements of a 
completed system and hence the goals of the design process. 

3.7 Power Sources 

The nature of the power source greatly affects power orocessing system design. 
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An viable electrical power sources v^ere reviewed from a system characteristics 
point of view to account for the processing system dependency on power sources. 
The information that resulted from this review of available data was documented 
in the Task 3 Report, and was divided into the following subheadings; 

1. Power System Comparison {15) 

2. Braytori Cycle Systems (24) 

3. Rankine Cycle Systems (13) 

4. Magnetohydrodynamic Systems (4) 

5. Thermionic Power Systems (7) 

6. Thermoelectric Systems (24) 

7. Systems for Nuclear Auxiliary Power (SNAP): Applications (10) 

8. Solar Arrays (28) 

9. Storage Batteries (4) 

10. Power Source Applications (35) 

Numbers in parentheses indicate the number of topics documented. 

3.9 Summary and Conclusions 

Three computer languages that possessed sufficient interactive capabilities 
were reviewed. Table 3-1 shows their relative features used as a system im- 
plementation tool. A choice will be made from these three alternatives for 
implementation as the management program language. The final choice will be 
the one best suited to the design methodology in terms of: 

1. Independence of subprograms 

2. Variety of data structures 

3. Method of storage management 

4. Debugging capability 

5. Proven reliability of language 
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6. Documentation method 

7. Speed of language processor 

8. Operation cost 

9 . Ari thmeti c features 

10. File handling capability 

11. Linkage caoability 
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Table 3-1 


Features of Languages used as a System Implementation Tool 



FORTRAH 

W>L 

PL/I 

Speed of the language 
processor 

Fortran H and S compiler 
Very fast {in the sense running 
object code) 

■ 

APL is an interpreter 
Slow 

No way to get object code 

PL/I optimizer 
Very Fast 
PL/I checker 

Used for one-shot program 

Price of using tlie language 

Very economical 

Relatively expensive 

Economical 

Aritlmetic in the language 

Double precision a>'ailable 
Complex operation 

Precision up to H digits. 
Complex Operation 

Double precision available 
Complex Operation 

File handling capability 

Files handled by the operating 
system 

READ, PRINT statement allows 
user to create and retrieve 
data 

Variable name used as a file 
name 

There is no difference between 
a variable and a file 

READ, GET, WRITE, PUT statenwiti 
allovi user to create and re- 
trieve data 

There are two kinds of input/ 
output operatiuns, one 1s RECOttS 
the other is STREAM 

Linkage to other programs 

Use linkage editor 


Use linkage editor 

Independence of subprograms 

Variable cannot be the same 

Function structure language 

Block structure language 

Variety of data structure 

Integer, real number, array, 
etc. 

No list processing capability. 
Character string handled poorly 

Integer, rOal, complex, array^ 
etc. 

Vector & array handled very ef- 
ficiently 

Integer, reall complex, charac- 
ter string, array, 5 structure 
Has list processing capability 

HathocI of storage management 

Static 

Static, controlled 

Static, controlled S automatic 

Debugging tools 

Trace 

Trace 

Trace, "OH" statement 

State of language 

Stable, widely used, good 
service ■ may be phased out 
within ten years 

Growing, going to be widely 
used 

Stable, widely used, good 
service 

Maintenance of the 
program. 

Easy to read the cede 

Code is very compact 

Easy to read the code 
Partially self-document»ble 
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4.0 FORMULATION OF A METHODOLOGY 


The program as envisioned specifies power processing subsystems based on mis- 
sion objectives that determine primary and secondary characteristics, system 
constraints that may. modify these characteristics, and a data file of existing 
equipment for comparison. Additionally, routines could be prepared to synthe- 
size a power processing subsystem if no data existed, and this combination of 
historical data and simulation would permit configuring a system from the op- 
timum combination of power processing subsystems. 

4.1 Design Procedure 

The main function of a power processing system (PPS) in a space vehicle is to 
supply the energy generated by an energy source to the loads {see Figure 4-1). 

The load equipment includes units essential to the operation of the space 
vehicle itself as well as units essential to the fulfillment of the mission 



LOADS 

Figure 4-1 . Power System -Block Diagram 
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objectives. This equipment has various energy requirements and operating con- 
ditions such as voltage level, voltage type (ac or dc), voltage wave shape, 
frequency, regulation characteristics, etc. All these characteristics must 
be generated within the PPS and then supplied to the respective loads. The 
PPS demands some energy and has its own operating characteristics as well. It 
consists of subsystems which are made of several components. A PPS may include, 
for example, the following subsystems: energy storage devices (batteries or 

capacitors), charge-discharge controller, converters, inverters, regulators, 
etc. 

Figure 4-2 is a block diagram of the procedure developed for the design, 
modeling, simulation, analysis and evaluation of power processing systems. 

Block No. 1 receives all data and information available related to: (1} mis- 

sion objectives, (2) mission constraints, (3) space vehicle type, functions 
and environment, (4) load unit specifications and operating characteristics, 
and (5) energy sources available and their capabilities. These data and in- 
formation are organized, classified and utilized to construct a set of criteria 
used to search for applicable power processing subsystems. In Block No. 2, 
these criteria are used to search for readily available subsystems (hits) 
which satisfy the required characteristics and specifications. 

In Block No. 3, any required subsystem which is not located by the search pro- 
cess will be conceptually synthesized to conform with the specification infor- 
mation given in Block No, 1 
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SUBSYSTEMS 
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PROCESSING SYSTEM 


SYNTHESIZE, CONCEPTUALLY, 
UNAVAILABLE COMPONENTS 
OR SUBSYSTEMS 


Figure 4-2. Design Process Block Diagram 

After completing the search, all subsystems obtained from Block No. 2 are sorted 
in Block No. 4 according to a priority list (from the most to the least de- 
sirable for the PPS) guided by the information in Block No. 1. 


In Block No. 5, an assembly of the PPS is made from the most desirable systems 
as selected in Block No. 4 and using conceptually synthesized subsystems from 


Block No. 3, if needed. 


In Block No. 6, the assembled PPS will be evaluated to determine whether or not 
system constraints such as total weight, volume, cost, etc., are met. After 
evaluation, the resultant PPS will be modeled and analyzed in Block No. 7 to 
determine whether performance criteria are met. The data and information of 
Block No. 1 provide the several criteria for the evaluation, modeling, and 
analysis processes. 

If the model does not satisfy the design objective of Block No. 1, the avail- 
able subsystem designs are reordered in Block No. 8 and other assemblies from 
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the other hits of available designs of subsystems are evaluated, modeled and 
analyzed, 

4.1.1 Input Information (Block No. 1) 

Mission objectives, mission constraints, and space vehicle function requirements 
data are collected. These data are processed to develop the specifications of 
the several subsystems and the criteria which will be the basis for the search 
and synthesis processes in Block Nos. 2 and 3. 

Figure 4-3 shows a schematic construction of Block No. 1. Note that. the mis- 
sion objectives {e.g.. Mercury scan, Venus scan, interplanetary, atmosphere and 
surface data collection) and the mission data and constraints (e.g., mission 
duration of both transit and orbit, mission budget, mission control system, or- 
bit characteristics of period and size, etc.) will determine the spacecraft 
design requirements including: type, injected weight, configuration, energy 

j L MISSION OBJECTIVES 



Figure 4-3, Block No. 1 Schematic 
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source capability and configuration, control system, stabilization system, 
communication system, launch vehicle, etc. Having defined the mission ob- 
jectives and constraints and having selected the spacecraft, the various load 
units required to achieve those objectives within the mission constraints and 
to operate the spacecraft within its power capability, can be decided upon. 
Load units may include: gyros, sensors, TV systems, transmitters, receivers, 

control systems, instruments, tape recorders, heaters, valves, data handling 
system, etc. 

Each of these load units has its operation characteristics and requirements 
which can be identified (e.g., voltages, current, frequency, power, priority 
with respect to mission objectives, reliability, etc.). 

The priority level of each load unit with regard to its importance and neces- 
sity for the mission objectives and spacecraft operation is given a priority 
index of 1 to 5, with 1 being the highest priority. 

The data and information are classified and categorized according to common 
criteria among the load units (e.g., ac voltage, dc voltage, 26 volts, 120 
volts, 400 Hz, 3 phase, etc.). 

With the mission objectives and constraints known and with the spacecraft 
functions and energy sources known, the characteristics and specifications of 
the required subsystems of the PPS can be identified. These characteristics 
and specifications are grouped in a search matrix v/hich may take the form 
shown in Table 4-1. 

4.1.2 Search Procedure 

Table 4-1 has been constructed from load unit requirements and characteristics 
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Table 4-1. Power Processor Criteria 
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and provides the basis for search of the power processing subsystems data file 
for applicable subsystems. 

After Table 4-1 was constructed, a combination of all common requirements of the 
several loads requiring processed power must be performed. This leads to a 
specification of the number of characteristics of the subsystems required to 
deliver processed power to the loads. There is, however, no unique number of 
subsystems which should be used in the power processing system. For example, a 
centralized voltage regulator may be used or the voltage regulation may be per- 
formed by a number of relatively small regulators. The number and characteris- 
tics of the power processing subsystems also depend upon the type of energy 
source. Characteristically, solar arrays are used for earth-orbital missions 
and for inner-planetary missions, while radioisotope thermoelectric generators 
are used for outer-planetary missions. Also, in specifying the number and 
characteristics of the subsystems, it should be recognized that not all loads 
are used simultaneously and the total power rating of the power processing 
system will frequently be far less than the sum of the power ratings of the 
several loads. 

Figure 4-4 shows a flow diagram for the search procedure. The several blocks 
in this figure are discussed in the following paragraphs. 

4.1, 2.1 The Filing System 

The structure of the Power Processing Subsystem Data File is shown in Figure 
4-5. This data file contains descriptions of power processing subsystem de- 
signs in terms of the criteria listed in Table 4-1. The file is placed in 

ti 

secondary storage, probably disk storage. At the front of this secondary 
storage (i.e., in the initial records), a directory will assist in Interpreting 



Figure 4-4. The Search Procedure 
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Figure 4-5. The File Structure 
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the content of the files. The directory contains the key to the main file and 
to several inverted files which correspond to particular search criteria. A 
frequency inverted file v^ould contain the key to file storage based on the fre- 
quency of the subsystems, as shown in Figure 4-6. 


FREQUENCY 

KEYS TO THE MAIN FILE 

100 Hz 

A. B, 

500 Hz 

C, D. E. F, 

lOOO Hz 

G, 


VOLTAGE 

KEYS TO THE /VIA IN FILE 

ZOV 

C, D 

28 V 

E. F. G, H, 

30 V 

A, 

100 V 

0 

0 

0 

B, 


Figure 4-6. Examples of Inverted Files 


4. 1.2. 2 The Search Algorithm 


Figure 4-7 shows a flow diagram for the search algorithm. The search for ap 


pli cable subsystems proceeds in two modes: (1) the directory mode, and (2) 


the file mode. 
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In the directory-mode search, the operator/ designer will specify several cri- 
teria for which the directory contains a key to the main file. For example, 
an initial search might be used upon a voltage criterion. The keys corres- 
ponding to all suitable subsystems are determined. The next search might then 
be based upon a frequency criterion. Again the keys corresponding to the cur- 
rent criterion are determined. Any common keys resulting from these two searches 
are retained as "hits" from the directory-mode search. 

In file-mode search, the "hits" from directory-mode search are used as a re- 
duced sample space for a search for "hits" conforming to the remaining criteria, 
i.e. , phase, reliability, cost, weight, etc. 

The file-mode search proceeds in passes, one pass for each criterion, using the 
results of the previous pass as a reduced sample space. 

In file-mode search, there is active interfacing between the operator/ designer 

i 

and the computer. This active interfacing permits the operator/designer to se- 
lect the options which will expedite the task. One option available is to pro- 
vide a display of the closeness of non-hits on each pass. An example of this 
option is the following command: 

DISTRIBUTION m{p)k 

This command would display the number of non-hits in pass number m that are 
within p increments of the criterion, where k is the size of each increment. 

For example, in the command: 

DISTRIBUTION 4(3)10 

4 indicates the 4th pass, which could be the voltage range pass', 3 Indicates 
that we wish to see the voltage non-hits within 3 increments of ten volts each 
from the desired voltage level. The command might yield: 
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9 non-hits within 10 volts 
17 non-hits within 20 volts 
51 non-hits within 30 volts 

During file-mode search* the operator/designer also has the options of: (1) 

altering subsystems requirements to obtain more hits, and (2) adding arbitrary 
hits independent of the search. 

4. 1.2. 3 P re- Analysis 

After the search has been completed (and the operator/designer has perhaps 
exercised his options of altering subsystem requirements to obtain more hits 
or has added subsystems independent of the search}, a number of hits for each 
subsystem results. A pre-analysis phase is then entered, the type of pre- 
analysis being dependent upon whether or not the number of hits for a desired 
subsystem is finite or zero. 

4. 1.2. 4 Pre-Analysis Without Hits 

If no hits are obtained in the search for a particular subsystem, synthesis 
is implied. Pre-analysis then determines: (1) the feasibility of the re- 

quired subsystem (cost, weight, etc.), and (2) the complexity of the required 
system. If the subsystem appears feasible, the subsystem is "conceptually" 
synthesized in Block No. 3. If the subsystem does not appear feasible, the 
subsystem search criteria are altered and the search for this subsystem is 
repeated and, if necessary, the pre-analysis is repeated as well. 

4.1.2 5 Pre-Analysis With Hits 

If there are hits in the search for a particular subsystem, pre-analysis de- 
termines: (1) whether or not the operator/designer's options have altered 

the system constraints, and (2) the compatibility of the subsystem with the 
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other subsystems v/hich have been selected. 


4. 1.2. 6 Concluding the Search 

Referring again to Figure 4-4, it is seen that the search concludes, for a par- 
ticular subsystem, after a design has been located in the file that is then 
found to be feasible, or if no feasible design is found, after the subsystem 
has been "conceptually" synthesized. The search continues until all required 
subsystems have been found or have been conceptually synthesized. 

4.1.3 Subsystem Synthesis 

If the criteria for a particular subsystem cannot be satisfied by an entry in 
the Power Processing Subsystem Data File, then that subsystem is "conceptually" 
synthesized. That is, the power processing subsystem that is unavailable is re- 
placed by a constructed set of parameters that satisfy the criteria established 
for the subsystem. The "conceptual" subsystem is regarded as a "hit", and the 
constructed parameters are included in the system assembly (Block No. 5). The 
dynamic characteristics of the conceptual subsystem are modeled so that the 
total power processing system can be analyzed {Block No. 7). Should the system 
perform well and meet all of the system constraints while using these dynamic 
characteristics, circuit synthesis can be justified. 

4.1.4 System Assembly 

4. 1.4.1 Sorting Available Designs of Subsystems (Hits) (Block No. 4) 

After completing the search for available designs of subsystems and the concep- 
tual .synthesis of unavailable subsystems, the sorting of these subsystem designs 
takes place. According to some criteria (e.g., power rating, weight, cost, re- 
liability, etc.), the most desirable design is given the highest rank. The 
least desirable design is placed at the bottom of the stack. Thus, for the n 
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subsystems of the power processing system each having one or more available de- 
signs, the order of the available designs may take the form of Table 4-2. Note 
in Table 4-2 that Subsystem No. 1 has k available designs. Subsystem No. 2 has 
only one, and that the highest number of hits is m. For synthesized subsystems, 
the number of hits will normally be only one. 

Table 4-2. The Ordering of the Subsystems 


Avaitjibic Designs 

Subsystom 


2 3 

4... J.. 

. -n 

1 

dj. 

n 

**21 **31 

**41 **n 

**«! 

2 

**12 

**32 

**42 **12 

**n2 

3 

**13 

**33 

**43 **.3 


4 

**14 


^44 **14 


k 

**;k 


4k 


m 



d 

rm 



4. 1.4. 2 Assembly of the PPS (Block No. 5) 

Having ordered the available designs of the subsystems according to their de- 
gree of desirability for the most desirable subsystems, the system is assem- 
bled from the most desirable systems. This assembly is a complete design of 
the pov/er processing system if no synthesized subsystems need to be included. 

A block diagram presenting the power processing system is constructed to show 
the interrelationship between the various subsystems and to show their func- 
tions. The assembly and the block diagram are evaluated and modeled and analy- 
zed in Block Nos. 6 and 7, respectively. 
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4.1,5 System Evaluation 


The assembled power processing system has a set of characteristics and speci- 
fications which are the result of the aggregate sum of the characteristics and 
specification of its subsystems. These characteristics and specifications are 
evaluated (see Block No. 6 of Figure 4-2) with respect to mission objectives 
and constraints. For example, there may be limitations on the weight, power 
rating and cost of the PP5, Hence, it is necessary to compute: 

n 

Total Weight = = z: Wi lbs 

^ i-1 

n 

Total Power Rating = P-t = 1 P^ watts 

i=l 

n 

Total Cost = C* = S dollars 

i=l 

where n is the total number of subsystems in the PPS. If the constraint is 
violated, the operator/designer selects an alternative design for a subsystem 
which has more than one available design and which is a promising candiaate to 
remove the violation. For example, if the weight constraint is violated, the 
subsystem that normally has a great weight but for which some available designs 
have substantially less weight than average merits consideration. The available 
designs for this subsystem would be reordered such that the design with the 
least weight would be at the top of the stack. With the new subsystem replacing 
the old design, the PPS is again evaluated. This process continues until a PPS 
design is obtained which meets the objectives and constraints. 

In case all of the available designs are exhausted for the subsystems having 
multi -alternate designs, either a modi fi cation of the synthesized subsystem(s) 
must be made or the system constraints must be modified. 
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If the evaluation carried out in Block No. 6 proves satisfactory, modeling and 
analysis is carried out in Block No, 7, which is described below. Note, how- 
ever, that if the modeling and analysis reveals that a functional characteris- 
tic of the PPS is unsatisfactory, another design of the subsystem, whose nature 
is relevant to the functional characteristic, is chosen to improve the perfor- 
mance. The reordering procedure mentioned above is used to select the required 
design of the subsystem. 

4.1.6 Modeling and Analysis 

The power processing system which was assembled in Block No. 5 (see Figure 4-2) 
and evaluated in Block No. 6 is modeled and analyzed in Block No. 7. For a 
particular analysis, the procedure might include the following steps: 

1. The circuit description (probably an admittance matrix) is retrieved 
from the PPS data file for the final subsystem choices. Each sub-, 
system will have its own index of nodes and branches as in Figure 
4-8. 

SUBSYSTEM 1 SUBSYSTEM 2 SUBSYSTEM 3 



Figure 4-8. Subsystem Nodes and Branches 
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2 . A synthesis routine develops dynamic characteristics for any sub- 
systems that were "conceptually'' synthesized in Block No. 3. ; 

» 

3. The subsystem descriptions, admittance matrices in the case of ) 

- / 

stored subsystems and transfer functions {dynamic characteristics) 
in the case of synthesized subsystems, are combined onto one ma- i 

trix with a cormion index of nodes and branches as in Figure 4-9. 

i 

This combination could involve: first a simple matrix formulation 

(e.g. , four n x n matrices combine to form a 4n x 4n matrix), fol- 
lowed by a node suppression scheme. This v/ill yield the basis or 
linearly independent set of row vectors of the admittance matrix i 

i 

by eliminating redundant nodes. 


+Vcc 

10 



0 

n NODES 


Figure 4-9. Combined Circuit 

n 4 

■■ 

4. "First order" simplifications of the system circuit are performed ^ 
by a branch suppression scheme. For instance, both Rg and R 7 , and 
R 9 and Rg of Figure 4-9 would combine to reduce the branch dimension 

n i 
•' ^ ) 

- 

oil ^ 

t ] 

*j- b ^ 
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of the admittance matrix (as it turns out, also the v/eight and cost 
of the system are reduced) by one each. The extent of simplifica- 
tion could be controlled by the operator. He may wish to combine 
all parallel resistances, RC combinations, etc. "Higher order" 
simplifications could be handled interactively, e.g,, elimination 
of redundant or unnecessary networks. The "higher order" simpli- 
fications demand that the circuit diagram be available so that the 
operator can "see" the circuit and then make suitable changes. 

At any time, the option will be available for the operator to 
change any component in the circuit, or even "go back to the be- 
ginning" and introduce a new subsystem. 

At some point, a final admittance matrix will result and the vari- 
ous analysis options are now ready to be accessed. The available 
options could include; transient response, stability analysis, 
sensitivity analysis, overload analysis, steady state analysis, etc. 

The management program will enable the operator to access any 
circuit analysis program in the "system library". The routines 
may be stored as sub-programs. (Tables 4-3 through 4-6 compare a 
number of circuit analysis programs that may be used in the modeling 
and analysis . ) 

An important part of the management program will be a set of for- 
mat conversion routines that can convert the circuit description 
(admittance matrix) of the management routine to the input formats 
of the analysis programs. 
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ANALYSIS DETAILS INPUT DETAILS 
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4. 1.6.1 Stability Analysis - Frequency performance and loop stability are 


determined empirically by use of a phase-gain meter on a breadboard configur- 
ation of a circuit implementation. This test data can be used to create a 
simple Fourier equivalent circuit that matches the actual circuit performance 
without access to the specific details of the schematic, the devices used, 
their variations with temperature, and distributed parameters chat are not 
easily determined but may effect circuit performance. An example of this 
is a pulsewidth modulated regulator that is extremely difficult to analyze, 
but the transform of which will permit detailed simulation of its interactive 
effects with other circuits. 

Test results from phase-gain measurements are used presently to determine 
compensation necessary to provide sufficient phase margin for stability under 
expected variation in part parameters with temperature and life. The same 
data can be utilized in a computer program much more extensively to predict 
circuit performance under a wide range of conditions. 
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4--1.6.2 Transformer Optimization - Block 7 can be used in an additional 
way to optimize or synthesize a particular device such as a power transform- 
er. For example, consider a computer routine to provide a minimum-weight 
design. 

To simplify calculations, the program uses a shell type transformer design 
utilizing scrapless shape laminations with a square center leg to simplify 
calculations. This choice fixes the form factor of the transformer and 
allows routine calculations varying only flux density, frequency, total 
transformer weight, and total watts. A typical lamination has a shape as 
shown in Figure 4-10, normalized on the width of the outer leg. 



Figure 4-10 Shape of Scrapless El Laminations 

To provide a range of flux densities and operating frequencies, information 
on three distinctly different core materials is supplied to the computer 
program. The first of these core materials is a non-oriented 80% nickel -iron 
alloy that is especially useful where circuit losses must be minimized. It 
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will yield high weight, low loss, voltage transformation. The second 
material is a grain -oriented BOJi nickel-iron alloy with nominal core loss 
and weight. The third material is a highly refined 50% cobalt-iron alloy, 
designed for extreme high temperature operation and miniaturization. 

Figure 4-11 shows the relative operating ranges for these three materials 
and core loss data in watts per pound. 



Figure 4-11 Operating Characteristics for Typical Materials 


It should be noted here again that this approach to computer design of power 
transformers is highly simplistic, laminations do not come in an infinite range 
of sizes, copper is not available in all diameters but only discrete gage sizes, 
and grain oriented low loss core material should be used in tape wound toroids 
or cut cores. 

The advantage of this program is that no advance knowledge or experience is 
required to determine the optimum transformer physical characteristics. 
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The computer program envisioned designs a group of transformers at a given 
frequency and flux density with a given core material, and starts with a 
single turn primary i,inding and sufficient iron cross-section to satisfy 
the flux density at the operating frequency. The copper is assumed to fill 
the window completely with an appropriate stacking factor, and is evenly 
divided between primary and secondary. The computer program then repeats 
the design process with two primary turns, then three, and so on. At 
each step, it computes iron weight, iron losses, copper weight, and copper 
losses. The design v/ith a one turn primary will obviously have a large 
core, and a heavy iron weight. The weight of the iron will decrease and 
the copper losses increase with an increasing number of primary turns. If 
this data is plotted on log-log paper, the general results are as shown on 
Figure 4-12. The process is then repeated at incremental steps of frequency, 
flux density, and core material. 



Figure 4-12 Family of Variable Primary Turns Transformers 
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Per Unit Losses 


The typical results of such a transformer optimization study on three core 
materials operating at three different flux levels for each material are dis- 
played graphically in Figure 4-13. 



Figure 4-13 Typical Minimum Loss Transformer Designs 
The 50% cobalt-iron alloy obviously yields the minimum weight transformer 
since it can operate in excess of twenty kilogauss. However, at three kilo- 
hertz, the core loss is greater than one hunderd watts per pound, compared to 
the 80% nickel-iron alloy that, at ten kilogauss and three kilohertz, has a 
core loss of only three hundred milliwatts per pound. The transformer must 
weigh ten times as much to process the same power at the lower flux density, 
but the losses will be considerably less. 
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Although Figure 4-13 shows typical power loss and weight for minimurtt loss 
designs, it does not provi-de total information to size the optimum power 
processor. To allow for the proper choice of magnetic material and opera- 
ting point, it is also necessary to know the total weight cost in pounds 
per watt of the power generation and auxiliary equipment necessary to pro- 
vide raw electrical power. This allows an increase in dissipation at the 
power processor with a decrease in weight. If the rate at which the power 
processor weight is decreasing is greater than the rate at which the source 
weight is increasing to furnish the additional watts, then the total ve- 
hicle weight is being minimized with constant electrical power delivered 
to the load. Therefore, the watts per pound figure of merit for the 
mission is a constraint that is added at block 1, and is used to iterate 
other designs. 

The transformer designs shown are minimum loss, but still are not optimum. 
Figure 4-14 shows there is a minimum loss, and that the weight can be in- 
creased or decreased, with a corresponding increase in total watts dissi- 
pated. Increasing both dissipation and weight is obviously not desireable, 
so the locus of points in that direction has been shown dotted. There is 
a useful range of designs with increasing watts of dissipation and decreasing 
weight, and this is true of all the typical designs although this figure 
shows calculated values for the single case of 50% nickel -iron core material 
operated at twelve kilogauss and at three kilohertz. 


4-27 




It can be seen from this example that transformer design is a tedious and 
iterative process to optimize, even in this simple case. In practice, lam- 
inations come in discrete sizes, wire comes in specific gages, and primary and 
secondary turns come in integral numbers that may not be compatible with the 
voltage ratios required. All these factors combine to make transformer design 
one of the first computer programs in any power processing library. 

4. 1.6. 3 Transformer Design - Practical transformer designs utilize either 
cut cores or toroids. A computer program was written to study four transformer 
types: Orthonol and Supermalloy toroids, and Silectron and Supermalloy cut 

cores. Figure 4-15 shows the physical construction of the transformers . Core 
dimension D was slowly increased and the window area completely filled with 
wire using the same amperes per square inch (ASI) for all windings and allow- 
ing very high ratings (24000 ASI) to start with small cores. As the iron 
area increased, the turns decreased and the window area increased, allowing 
the ASI to decrease rapidly. The program thus calculated sets of curves for 
different fluxes and frequency as illustrated in Figure 4-16. 


I 
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Figure 4-15 Transformer Physical Characteristics 





Frequencies of 5 and 10 kilohertz were selected for close study. The effect 
of switching losses in the transistors was included to get a better tradeoff 
versus frequency. Specific formulas used are listed in Table 4-7. 



Figure 4-16 Optimized Minimum Dissipation Supermalloy Transformers 

An additional limitation on realistic transformer design is the granularity 
with which voltage ratios can be adjusted. Low voltage converters typically 
must power logic requiring plus and minus five volts and plus and minus fifteen 
volts. The transformer will have a specific volts per turn rating which in- 
creases as flux density and operating frequency are increased and the required 
number of turns is decreased. The number of volts per turn cannot be increased 
above some arbitrary limit or it becomes impossible to adjust the number of 
turns for each winding to achieve the desired output voltage. 
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To get results most applicable to the expected requirements, a limit of 200 
millivolts per turn {maximum) was imposed since five volt outputs are often 
required, and this granularity is required to adjust the output voltage level. 

The computer program then calculated transformers by incrementally increasing 
the iron area (at a given flux and frequency) and filling the resulting window 
area with turns. The first transformer design accepted is when the ampere turns 
divided by the window area results in an acceptable ASI. The wire, core, and 
switching losses are then calculated along with weight, and "remembered". 
Additional designs are then calculated (by increasing the iron) until the 
total power loss exceeds that of the first acceptable design or until the volts 
per turn limit is reached. The program then calculates and prints a number of 
designs in the interval between the first acceptable design and the terminating 
design. Table 4-8 is a copy of one printout, and Table 4-9 is a copy of the 
program. 


The results of the previously described computer runs generate curves like 
those of Figures 4-17, 4-18, 4-19, and 4-20, The cutoff which determines the 
bottom "horizontal" line was the 200 millivolt per turn maximum. Figures 
4-21, 4-22, 4-23, and 4-24 show the resulting "bottom line" for each core 
material- Smaller (lighter) transformers could be made with Orthonol and Sil- 
ectron, for example, by using higher flux densities, but the 200 millivolt per 
turn limit forces high ASI, hence high copper loss. In general the volt per 
turn limit stops the designs to the left of the bottom of the convex curves 
shown in Figure 4-16 which corresponds to higher copper loss than core loss. 
The minimum "botton. line" for the different materials are shown together in 
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Table 4-8 Transformer Analysis Printout 


TRANSFORMER ANAI.YSI S- WEI GHT* POWER.EFFI CIENOY KATRIX 
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PUT IN A FLUKES FOR EACH CORE TYPE, 0 MUST BE' USED IF REAL FLUX NOT 
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MINIMLM CORE DIMENSION*. 12 
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COPPER- STACKING FACTO R,RESI STI VI TYCMI CRO-OHM IN2/IN3, UEI GH TC LBS/IN 33 'j 
AND MAX CURRENT DENSI TYC AMPS/1N23* 0.0, 0. 68, 0.32, 3000 

SWITCH DATA- VSAT, RI SE, 4FALL TIMECMICRO SEC0NDS3* 0. 25, I, 1 
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WINDOW AREA USED 70. X 


GAUSS* 2000. FREQUENCY* 6000. CORE LOSS* .7.655 WATTS/LB 
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Table 4-8 (continued) Transformer Analysts Printout 
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Table 4-8 (continued) Transfornier Analysts printout 


mmm***mm******mm**** 2 MIL £UP£RMALLOY 
WINDOW AREA USED 70. X 
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2300. 

0. 18 7 

0. 215 

0. 165 

0. 757 

0.9 69 

0. 061 

0. 103 

0. 050 

0. 475 

20 5o. 

0. 191 

0.225 

0. 176 

0.718 

0.9 70 

0. 066 

0. 11 1 

0. 054 

0. 430 

189 0. 

0. 196 

0. 236 

0. 1S9 

0. 682 

0.9 72 

0. 070 

0. 1 19 

0. 058 

0. 388 

1736. 

0.200 

0. 247 

0.203 

0. 650 

0.9 73 

0. 076 

0. 127 

0. 062 

0. 351 

159 3. 

0. 205 

0. 259 

0.217 

0. 619 

0.974 

0.081 

■0. 1 36 

0. 067 

0. 315 

1459. 

0. 210 

0. 271 

0.233 

0. 59 3 

0.9 75 

0. 08 7 

0. I 46 

0. 071 

0. 283 

1335. 

0. 215 

0. 2S4 

. 0.250 

0. 539 

0.9 77 

0. 09 3 

0. 157 

0. 076 

0. 233 

U69. 

0. 220 

0.29 7 


GAUSS= 

1000 

1. FREOUFNCY 

= 

6000. 

CORE LOSS= 

0. 219 

WATTS/LB 

FINAL 

D= 0. 

261 IN 

• 

Dl 

=s 0 

.207 IN. 

XCN 0. 

0231 



WT 

POW 

EFF 

CORWT 

CUWT 

CPOW 

CUPOW 

ASI 

D 



0.210 

!• 535 

0.939 

0.078 

0. 

131 

0.1417 

1.28 5 

2998. 

0. 207 

0. 

132 

0.225 

!• 404 

0.943 

0. 08 4 

0. 

141 

0. 018 

1 . 1 52. 

2743. 

0. 212 

0. 

139 

0.241 

1. 28 3 

0.9 48 

0. 090 

0. 

I 51 

0. 020 

1. 029 

2504. 

0. 217 

0. 

145 

0.258 

1. 172 

0.9 52 

0. 09 6 

0. 

1 62 

0. 021 

0.9 16 

228 2. 

0. 222 

0. 

152 

0.276 

1. 069 

0.9 56 

0. 103 

0. 

173 

0. 023 

0.8 12 

2076. 

0. 227 

0. 

1 59 

0.29 6 

0.974 

0.960 

0. 1 10 

0. 

186 

0. 024 

0. 718 

1884. 

0.232 

0. 

167 

0. 318 

0.925 

0.9 62 

0. 1 IS 

0. 

199 

0. 026 

0. 662 

I 749. 

0. 238 

0. 

175 

0. 340 

0.8 43 

0.965 

0. 127 

0. 

214 

0. 028 

0. 58 0 

ISB 1. 

0.243 

0. 

183 

0. 365 

0. 767 

0.9 68 

0. 1 36 

0. 

229 

0. 030 

0. 505 

1425. 

0.249 

0. 

19 1 

0. 39 1 

0. 729 

0.970 

0. 146 

0. 

245 

0. 032 

0. 462 

131 7- 

0. 255 

0. 

200 

0.419 

0. 666 

0.972 

0. 1 56 

0. 

263 

0. 034 

0. 399 

1 18 1. 

0. 261 

0. 

210 


GAUSS= 

500 

FREQUENCY = 

6000. 

CORE 

; LOSS= 

0. 058 

WATTS/LB 

FINAL 

0. 

360 IN 

« 

DI= 0 

1.246 IN. 

XDa 0. 

03 79 


WT 

POW 

EFF 

CORWT 

CUWT 

CPO W 

CUPOW 

ASI 

D 


0. 353 

2. 407 

0.907 

0. 132 

0. 222 

0. 008 

2. 165 

29 9 7. 

0. 246 

0. 094 

0. 39 6 

2. 031 

0.920 

0. 1 48 

0. 243 

0. 009 

1. 789 

2574. 

0. 256 

0. 101 

6. 444 

1. 752 

0.9 30 

0. 165 

0. 278 

0. 010 

1. 50 7 

2232. 

0.266 

0. 109 

0. 497 

1. 463 

0.941 

0. 185 

0. 312 

0. 01 1 

1. 219 

189 6. 

0. 276 

0. 1 18 

0. 557 

1.251 

0.9 49 

0. 208 

0. 350 

0. 012 

1. 006 

1627. 

0. 23 7 

0. 127 

0. 624 

1. 182 

0.955 

0. 233 

0. 39 2 

0. 014 

0.8 52 

1415. 

0. 298 

0. 137 

0. 699 

0.9 38 

0. 9 61 

8. 261 

0. 439 

0* 015 

0. 69 0 

1203. 

0. 309 

0. 148 

0. 78 4 

0.825 

0.9 66 

0. 29 2 

0. ^9 2 

0. 017 

0- 574 

1036. 

0. 321 

0. 1 59 

0.8 78 

0. 726 

0.9 V0 

0, 327 

0. 551 

0. 0 19 

0. 473 

BB9. 

0.334 

0. 1 72 

0.984 

0. 639 

0.9 73 

0. 367 

0. 61 7 

0. 021 

0* 38 6 

758. 

0. 347 

0. 185 

1. 103 

0. 58 6 

0.976 

0. 41 1 

0. 69 2 

0. 024 

0. 327 

660. 

0.360 

0. 200 
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REPRODUCIBILITY OF THE 4-35 

ORIGINAL PAGE IS POOR 


Table 4-9 


Transformftr Analysis Program 


MBBIB • iKrtMahOwlEk /HALV ai S 
i)Bt!3U * 

tHS\HAb • J-JhrtAli IW 7 , 1 I I- I I •« 

», 4J A, A'), l-LUAl A, Ai , hi.1- ( AhJ b)> AVtlC t>>> HUbC A), 

tlbtabu Arf^( «) iiijl-hKl kC 4> j Lk 3C «) > V( b] 1 A( 6) •I'lC 6) <tU.^U( b) 
t. tbTU AilLll Abb( lb) • UHlb< ti) 
bbi.'SV) rl = j»l4lb^^ 

ChUL UA t L* I la'll UAl LirliJ Ufl) I t'A'i'l! < Ua I t«rlOUk 
Ubibb rnl.M]!“ J Knal bh Jre'l tn bl b- btl tft 1* rJbt.n» tf !• I Cl tMUt a-lAlnlA*' 

bCIlc rhlill!" KU'I l.U." J «tAU: AbCt J b) 

bblcb rnlijl:" ’•» hulN 1 S *• W HOC hrtJl UblAlUc.b t'bl.'l iJW I ? '* ) hz.ALlAbLtl) 
bOl3U rtUA 1 1 "AO J 1 >1 Of* I j 6 klial Ul ."I t'b« I i) JjtUtrt HtJH LOfit 0 U 1 bttnlJ" 

CblAl.' Phlll:" J^ nlN Ul.M bbj hril CH v.LWbli'Jb lb t'bl I'i Aht ?" J htHUtiaJ Wn") k 

iin.lbi. hrluj:" 0Jcib.wirb*rtl.>njl li=Cl) Of au. val NUI lajtos" J cmInI:" " 

IraC 1 be AtAlai I OCrl)fA(r\)»<l.VUlr<)>A=|>.aJw] 

bine l-nl.>l l.M A i-LUACb fjn tMUt CObt ilUbl fat Ubi-U Ir 

I uljb R nLAL rC-JA iM3 I Lcblnc.ll*' 

LbWb I-nl.ili:** t 1 ) J r( In AM JL> I m MCLOf > t 3) burclvi AuL Jt> t At C COnL" 

IrCiiKu rnl.ili:" H.'JALb" I mlAL: < C t- LUA ( I r rt ) > A= 1 j 4) , 1 = I j A) 

ialu'^iU mini:" K ntbUE'IC.l Lb M J I Lebi uLLl I j '<>• 3> 1/ J h 41 ") nLALU.M LbiU 1*1 t ) > 1 « 1 
t Al 

CkiaaB hni.Mlt** U. nt Llrttiaibl J.M" I klAu: UU 

ccuric LnlMi:" % Ul.MLUe AALA OSAdLL rort LAUrl i-lM I LkI AU*'I bLAUt C Vil- < 1 } > 1 > 1 * 4 
1 

t t.i>40 HhlnU" CJAre.n-bi.>t<i,M(j t ACIO k. KLbl bTI Ol 1 Yin 1 LWJ-Orirt l<'ie/li>)>> 

HfgSafc iWEllMTtLBS/I.'OJj " 1 »-hlMll** ftMD MWl CUkMbWl UE.M bl lYl AHkb/li'l a» “ 


Vi^r'^t^ts kEAltibl'ibl S*lAjCUkOi AblHAK ) bl CirtAwiil Ual A* I • U£> b 

MLS70 ml.NTi" bLllCtl UA 1 A- VSAl , Kl BE. ih AUU li.1tt«lChO bECO.'O Ub) " 

bL-diJe KLAllj Tk. T1 J TK3thbl.bE.-6 I II*=7E • 1 . tfc.- 6 

CfciLDt' hkliMlt" HAllb/KOUMU LAClOhtb tOh MAThl<U#MAIt VOUT b/TUk'i" 

bB3t)t) KLAUlhE. VhTHfOt 

tib?lb • bLOAtb H-MU liM ILhCLhlb l-OK COkL CJbbbb 
Bt)3'c!L XMt t> |)= 1. 3KJXrtC WViJs UaSt^rtC 1* 31= 1. I IJJlrtt 1, 4)« J, fc3 
tb33tl (IKt 1. 1)3-.T3JHK' l»a) = .u3l Arttl,3J = .bb I Xill 1> Atx.d 76 
tb34U Artt L* 1)= 1. b'rfJXl'it E* £J= I. 6llXMCaj3) = I. bOIArtta* 4)» 1. 45 
DU3bH XKl a. 1 1 1- I . t VlXrlC E> Els-. 4| t XKC E. 3) = tJ. CDlXiUE* 41 53 

tiL36L AnC 3. I ) = E. LIkIJXt'iC 3r E) = I . y fit Anl 3f 3) = I . 1 1 AIAC 3. 4) * 1 . 7|j 

l;ti37o • C3ht LbNbni Ebt */liM3> 

tit 3BB Xilt 3 j 1 1 = - 1 . Ibl Artl 3 jE 1=- 1 . I bJ AAl 3> 3) = - . 661 AXt 3. 41 n-* 35 
BEjyk XM(4> 1 >= I.5BI A.nC 4, Els I. 771 Art(4> 3>s 1.9 41 AMI 4* 4]sE. UB 
tib4Ull XXI 4, I )x., 4<JJ AKl 4 j LIE., s^ai Xrft 4t 31x. lib 1 AlU 4> 4] x« 55 
UB41B ChJC l>x5.E*.B3bl3*.d9 
CnOCvrl = K.a«.ll36l3v.i54 
l»V-43k. ChOt 3)=a. 7».03613*.d? 

ftktAAti CF<JC41s.376*.a43 

ErtTAbL n£(l)sU,t:i' t ri£CS)x 35 ti 0 1 H£( 3 )= 6 U 5 B I rt£( 4 )xt 0 E! 0 B 
fcU46W P0U7=B 1 l>3 14 JiUiMn 1 I K J. Eu..i)P> GO TO 14 
irbAlu WUT=KIOT+ri(J)* VCJJ J 14 C0.'4T1NU£ 

0B*tlU iMPhliMTs n 
0H4:Ml W 15 lx|.4 

t 

bii>60E> I F< t.LL. 4)H4(a}sE(;|}t) 1 J E U . LL. 41H4C 3)s 5BBU 

bdblv I F( 1. bb. DHhlaMT 111 

t>Ei5Eb IKd.KL. aihhl.MT lia I U(l..Ei>r. 3 )Hit 1.1T 113 1 1 F( 1 . Ew. 4) Hhl.'MT 114 
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Table 4-9 (continued) Transformer Analysis program 


tH53i; HRI.IIT I0b, ) 
t-fcSaa COkW=CkO([) 
lO I 7 I « 4 

h=KLUA< I 

yti570 I !■ c e. to. t'J bO To tV 

(■OStfb UD 16 I, 4 

IMK. tb..'IFbKL 1 ) ) bO TO 16 I 1 F ( i\ . E<>. .4 F brU ht <>> ) tij 10 16 
v>B6ft. 1 FC^<. Eo.i'IFiKl P( 3) ) bO TO 16 J I Ft K. Eb. 4F SAI t-< 6) ) bO TO 16 
BB6lt <L0 GCL^/Mt I jK J •£ . 63 4ki:F » fttO Gt b) - 3. G) ♦6rt 1 1 .rt > 

•»PLt'= EAK'E. 3l-abS«XLJGLL> 

Uti63t F*tEU=rliCKi 

HF.66B Ff<I 4T i k t-j F htb. UHLb 

bU6bt ft(K'.T=V * 1 K t J V= (f- J IbVt*kl I KlKFF*b 

fcti66c T*1t = i;- J 1F0lit'=V,. I TWsa.kJK 

bt)6Vl' u=L'l. } lil = ip. I uA = t 

Bt:6t)k: 7 LJNiiiMut 

tiB6'>F' iKbUbl t 1 , tK 1* U*U) 

t' I Ft U<t. ti. b) U- borcTt U»U»t 1. ■* . Fi6r#/ 1. bB 1 » ) 

ItTlt mIsH- t*ii J «J^3. t;*Li 

mLO • l)« 6. t t Ft 1 . Eu. A) FiUOHE^ U« I • b*U« 6* 6i:b 

kiUT^'C L J nVOL® i b. • K( Ab* U* IJ I [ F ( I • tb. A) 1.0 n VijLa g A. s If* U* U 

k-ti7AB U'J mUIa 60 k^aFL* LOnhO I LOnFO ki^LOHF i* FbUti 

Wldlbb Vf 1= t 6/ I tee. »f ntb/ IWBb. J/fcb. i .41.41-)= V/tiMI') /Vbl 

KB 766 1 Ft 6rl. 6t. \r|-1i'l6* )K JX fj u= I 
BtiWb *.C. 4 l -)=6 1 LHSk 

OBfniit I F t 4t.ji-) .uT . i?) U3 10 IB 
Ic LT^tk. LO d J- 1.-4U 
t. bd i .J I r < J. C.6. .4F-) (.J Ij d 


BBalB XN« VC J)».VtNF)/VtNF) I NCJ)»Stl 
BBSSB If CtX.M- t FIvCCXlV) >. GT. B. b)N( J)=MC J> )- 1 
BtidOt) A<.V|-)ttAC.VHF+N( J)«A( JF/NtNHJ 
BUbAB J Ft.Vt J) ..LT. e>GO TO 1& 

C9Bb5U B COMTI'NUE 

tU1«6B AU=Pl*ht*Kl*iiF»UFtI )/100. 

BBB7B I F t ! . EtJ. 4) 1> b*b*4. b«U*bF • VtF( 1 > / 1 BU« 

BBbdB [X] IB j3t>l4W 

IB 6A=CA*Kl>VtlCJ)*i>l(J}*At J} 
bOybfc AS1=GA/AW 

BU4t0 1^19 FOhxlATCItl *13jF6.0f I(i.EI3.b.SFe.3rE13.5> 

HB92U AbIsCAFAk ) I F C hbi . GT • AbIFIAlt ) GO TO 9 I GtJH)h=B 
BB93B 1 FC1)A.>4L. B) CO 10 SZ 

Bb 94G 0=bGnTI D«ti*.9b7) I ti4«Li t GO 10. 9 

BtFJbB aa 1 FC 01. tv. b) 013.999999* 0 ; A6l«U 

BG96B ALI=U J ALLt3|.b*0 ) ALll = &.*b t ALUI*a.«Ll 

eb9 7b W 11 J=U.Vk 

0fc9BH 6rt0tL=Kl.4LJ(J)*.4t J)*H(J>/AM 

BB99W AUtLsbAOtL/bF" 

F. lUbB I F t 1 . EL). 4> GO TO B7 

muio Ka=iVK]t hl»hl-HUhL/H) 1 60*hO*AUa./r*I) 

HUfBG ALB=ALl*hl-h2thl)i!-K0 

UIB3G ALJ a= 6L0 1 *£•.*( hO a* I01 I ALl B3A1.1 Kl> H2> 

BIGAfc AMUT=(Aul l>A6l a*AUJl*Al,Oa)/ii. ♦■ALJtALfi 

BlUbB X6l=AL<: I AlI l = A61 it t AL01*AlOB J h| = Ki t KOsFOii 

nlfcAK to 10 feli 

6 167). aV Ai,lt=AL !♦ a. •“uti-t'C A. a* U) ) ALtasAbL t* B* *HGbL/t 4. b*l)t 
t I Its k AdLIc At I .ALB* all 1 ♦ AuUH 


EEPRODUCIBILmr OF THE ^-37 

ORKjixsAu PAQjH is poor 


Table 4-9 (continued) Transformer Analysis Program 


eStWC XL1«XUB I XLLli«XLL2 
eStUU H6 LOW I IN ut. 

tu 1 1 1) tUK) U=t;u»nj U'im>XML1«( AC J] •N(J} / ( CadLU/iUNIK J> } 

ISltaB n LONTXNJt 

enaa aLjh-hscxLia-xLOsJ/xua 

lu 1 1 At (-UWL- rl*CCXLI ji*'na»liUJ»'h,) • C h02* FOfe- KtvnS)- <!• k hLOt't/3. • C Ki>n» 3t 
atlcia Xh'e!«*3. J ) - Ibt * t*i* U* L i* U 

h i I Alt. 1 )- 1 1 > &iai A) CiJ\X)L=AL,<:*Xi.Ljf* b*U- 6i 7b«Li* U* Li 
H 1 1 7b bLUk l = bUWu* Ar»LUKO 

krl tUb SLHJhxK. /3. •a.*U(.')H)*ACr<H)«( ll-* 1 k) •(■ Mlifar* VUiXCiAT«A<t4t*t 
B I IVt) 7kT=l;Oh^il + l,U».l i lhUb»COhtJW*Cul"Ob*!>LH)h 
IKCTWT. uT.^HW IJ la 

blKlfc IF(Tl»lK.El4i.b)THv.= TAT I i F C TV.X . bl . I . L8 1- T bTU>K Irt 1 

Viaao I FC XHXkb* nU'* a) I rJ Wbic 1 ^0 U t 1 1< C IHJ ih» I • l6Cj I* 1 rJHB) K LkS^J wa 1 

L liibb 1 F( II. (ji. I Mil* ut > b) H la 

inSiAU IhC th. fclb. tilliJ 10 aS 

Blliac' JAVt=lAV=.*E J L M 1 AUt. LU. W 1 HVt= I 

blUAfc «KJWt I AMt,)= U-JW J AUlC I AVL>= iwl 

1 

bla7ll 1 *< rtiXI-l-'. aU. bl UJ lO 

I 

It- 1 It' I 1 =: 1 n Vr.+ i 

U 1 m U X A we.= K 

bljos; lO iiA ,'lAVt=liA 

blblb 11 = 11-1 t LFCi l.bbi.vilX 1 = :] 

tfliav iii=ii-i J 1 r c 1 J. tb. n X Si=a 

b J 33b AVtCi-l« Vt.) = ( lil-Jkl X t >- Al-J ltClb‘l)/Cri«i(llil-hl«|(l 1)1 
itl3ALi ax Af-\it=XAWh,*AVii;ci’lHVE> 

L 13bb lr<Xi^Vc./A..t.T.FF> I>=1|<< l.bbiibBt/l.BBAbbb 
Il-I36t £FtAHVifc/A..LT.I*i->i<l=L- 


U 13711 H3 IFClAVlE. EU.AliCXKPFol 

U133fc .7 PRINT- I 

U134B IKliUKPOW. EU. t)OI-D 

HI Am XKCDl.ELi.UKO TO. 12 

BMIB GO rO 9 

b\Am 2ii CONTINUE 

B1430 I l-CKlKKIh. EU. B> b) 10 y 

blAAU XKU.LI. 1.26*Um;=t.£6*t>l 

BtASli) 12 XKCUl.EU.BlUO 10 13 1 X b> W.0 bUi/ lU > / 1 fa. 

U1A6LI IXCA&CC 1). EU."rEb“)FKlNl IBV tUfDI.KO 
blAlb I hCPr.NL.UlPnl.N I UlA.AAUE/il. 

BlAcila OJ 13 JFeI.NHkXNT 
iilA-fU 1 K< Jh. LrT. IMiO 1U 2b 

Mlbidb PKl.iil Via 1 IXCAbCl II. Elii.**tEb“)t'KiNT Ito3 
I'lbUi 26 U*tXP<Al.Jts<m)*<Jh-l)*XU) 
mb2B nl-2.*l> J kOe3.*U 

EIE3U Hl:J.‘.E=X)*2.*l)*b. A2£| I XhU.EU. AlHCOHL-U*!. ^*U«6iAt!S 

L I bXU UOkVJL- ik>.*l*X = b*pl<U 1 X F(X. EU. A) LURvJL-2X.«U«Li*1> 

015511 COHVl-CUhlrOLlCJHhO X CO KPO mA COEW 1* hH.H 

UI56U VH*CMCOht»b/ Hibb.-FhEln/IBfeB. J/25. J N CN H) » VtNP) /VI'l 

litlbVfa hC.Ni'I-B t CA-0 

lrll5<Slb LO Id J-l.iXV 

Ivibyu i fCJ.EU.NI'lQO to Id 

Ulbbtl AN- V{J)*«tNM/V(Nl*X J NCJX-XN 

b 1610 XfXCXN- lrlXlX. 4 ) 1 . bl. B. SlNCJl-NCJl* t 

B 16211 aC.NFJ-AC.’IH+NC J>*A<JI/N{N1') 

k<163U IXCNCJl.Ll. t)PhI4it'‘Ns“*N(J}.'* JF'»"*JF 

UlbAU lKVC01.I.T.l)>IC0)>i| 
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jable 4-9 (continued) Transformer Analysis Program 


ei&bu td (XJ.vliNUb; 

H U6tt- *SV=PI >/ 1KB. 

t) I 67 k XJ- C 1 . tt.. 41 HViis 1 . 5*U» b^UoSi-* hKI ) / 1 Bfe. 

Bt&dB LO SB J= l.iMk 

K169K dA=KA.'r{l.'UICJ}«.'4CJ>*A( J1 

BI7KB hS1 = Ch/WV: t CUK)U=B 

B17IB XL1=U ; J<ULI=l.b*L> J AUll = Si.*lJ I AL01»K.*U 
Ul720 UJ iil J=1>NW 

BI730 LAl«tt.= rtli')UC J»»AtJ)/hi5l 

(al74b ALii^=CAuEL/iiK J 1 ^ C 1 . tb. 4) li) 10 feV 

KI7;>i,i «a3MjKltKl»nl-AUEl-/Pil X tt01i»iiumtKO*HO*HLlEl./Pl> 

B176B XUli=SLl + hl-Hi'*Kj.i-hJ 

B1770 itujamLi. i*a. *( rti-«ai J ALJii=4L-o i*ii. »t KOa*-nO> 

B17dK 1*ALS 0*ALOl*4l.Oi:'>7a.*ALI*AL!d 

BI7Vbi AL1 = ALX: J ALll = ALlc! I AUJI^ALOV; J Kl«Kii f ttOitj«3a 

BldEtK (xJ 10 

tJItSlU 1:7 ALii=AUIHi.*AUtL7< 4. I <0. b«U> 

Ai'jL 1= AL 1 + ALli* ALL I * AI.LB 
B1S3U ALI = AL1! 1 ALH*Al.Ui: 

<«164U Jb COi411i<lutL 

t SdbO KUPO b3UJrJ W*il uriA*Ai1L T«ti*CJlonjCJ> AC(»nlxhX.AAlrXLI( J7 ) 

t>l<36t. HI UJ.'JHi'tUb 

llil«7b il.Jl'tct/'l.lK-ALJalAAl.li 

O Sddt) L.UVOL= fi a ( ( AH a. Hki»iLOt't.}a< nJii*<Aja“ •i.*£iC.0r'£/3. a < N0i:*«3t 

teOB-ati Ani?oa 3, ) } - I L. o [-H 0Oll»U 

Icas't.V.' i 1- C I • £[>. 4»CUV0L = ALaaAl.Li:® 4. i«U- 6- 7S» 

CUb la cuXxJl® <■ LufoJ 


K bLPOW* VCriPl *ACrll-l«C Th*1» iVKkEW*' VCCMT«MMI*> 

19 17 30 TWTaCOKhT+CUhT f TH}MiCOhFlil Wt-(;UHO«A'£LPOIi 
K17 4B E.1-P»HJUT/J tt)Ul*lH)W 
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Figure 4-17 Characteristics of Orthonol Toroidal Transformers 
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Figure 4-20 Characteristics of Supermalloy Cut Core Transformers 
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Figure 4-22 Locus of Supermalloy Toroidal Transformers 
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Figure 4-25. The assumed mission 1.7 watt per pound point was determined 
by calculating the slope for small lengths of the curve. Since the axes are 
logarithmic, the linear slope changes rapidly along the curve so the area in- 
dicated is approxijnately the location of the 1.7 watt per pound slope. 

The "best" 1.7 watt per pound point is the supermalloy toroid. It must be 
noted, however, that power loss due to saturation spikes is not included and 
the difference in power loss between the toroid and cut core is less than 1.4% 
of the transformer output power. The power loss difference for a cut core at 
the same weight as the 1.7 watt per pound point of the toroid is less than 2.5% 
of the output power. It is also impossible to say whether the physical con- 
straints selected are near optimum. It is also impossible to get cores in 
such incremental sizes as computed. 
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Figure 4-25 Composite of Optimized 18 Watt Transformers 





4.2 The Management Program 

The major goal of the management program is to enable the user to design a 
power processing system in a natural manner, as if he were communicating with 
a specialist. Such a management program makes the designing procedure log- 
ical and concise. It frees the user from haying to concern himself with many 
details and permits him to concentrate on the essential features of his de- 
sign. 

Whether or not it is worthwhile to develop an entirely new management program 
for a special purpose application such as the design of power processing sys- 
tems has been a subject of much controversy. To develop a new management 
program takes a great deal of time, trouble and expense, and the resultant 
program can be used only for the purpose of designing power processing 
systems. One may argue that it is easier to develop the program as an ex- 
tension of some well-known program. However, in order to develop a manage- 
ment program with the immediate interactive response which will permit man 
and computer to work as partners, it appears best to avoid limitations im- 
posed by extending another program. 

The major part of the management program will be an engineering tool used to 
execute a defined, well-instructed procedure. However, in a good interactive 
system, the user and the program will not only exchange the information but 
also control the exchange exercised by either party, such as key word explan- 
ation, future step guidance, error recovery, etc. To achieve such control 
of information exchange requires careful development of the management 


program. 


4.2.1 Choosing A Syston Implementation Language 

For a management program which is to have the capabilities of data storage 
and retrieval, mathematical, calculation and immediate interactive response, 

APL, FORTRAN and PL/1 are three languages representative of the current art. 

APL is an interpretive system specially designed for classes of mathematical 
operation (such as matrix manipulation) and for dynamic data structure opera- 
tions (such as forming a matrix from vectors). However, it is normally re- 
latively difficult to understand the work of another person written in APL 
language. FORTRAN, the first language that has received wide use, is not 
a concise language. PL/1 is selected as the most suitable language for 
implementing a computer based power processing design facility. 

4.2.2 System Profile 

In designing the management program, the following questions are of importance: 

1. Is the system intended to be used for fast "production" type opera- 
tions, or as a general experimental tool? 

2. What is to be the prime method of storing the input data? 

3. If user specified functions are to be added, how are they to be 
stored? 

4. Is an input statement to be retained in such a fashion that it can 
later be displayed to the user in a form identical to his input? 

5. How far should the internal representation differ from a fully parsed 
form? 

6. How versatile should the command language be? Does it contain de- 
bugging aids? Are function (macros) and command language modifiable 
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by the user? 


These questions are addressed in the manageinent program design now described. 
One requirement of the management program is a definition of the operators, 
variables, statements and macros* in the user's syntax. To implement this 
requirement the syntactic information is arranged in internal lists (to be 
described later). The heart of the program consists of the operator, variable 
statement and macro definition programs, which produce, as data of the system, 
the internal lists. Another requirement of the system is to provide a means 
of parsing input expressions. Special delimiters (such as blanks, carriage 
return) are used to break up an input expression into its component parts. 

In order to use a macro, an EDITOR "translates" the macro into a suitable 
form, making error checks, and producing an internal macro representation list. 
Once a macro has been written, it may be desirable to save it for future re- 
use in order to avoid reprogramming. To Implement this, a library of programs 
is accumulated at a computer installation. 

The management program consists of the following submodules (service programs): 
REGISTRAR, EDITOR, USER'S LIBRARY, LANGUAGE PROCESSOR, ERROR MESSAGE, HANDLING 
ROUTINE, DISPATCHER, SUBPROGRAM LIBRARY, AND POWER PROCESSING, 

4.2. 2.1 Subs . stems Data Base Facility 

The functions and features of each submodule (service program) are shown in 
Figure 4-26 and are described in the following paragraphs. 

^Because simple statements are not sufficient to do complex manipulations, a 
means is necessary for concatenating these statements into a "macro". Thus, 
a macro consists of a string of statements that are executed in sequence. 
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4.2. 2. 2 Registrar 

This nioduls (service program) is used to check the user's identification, 
account balance, etc., and to gather statistics on the system's performance, 

4. 2. 2. 3 Editor. (Lexical Analyzer ) 

This module has two modes: 1) a macro definition mode and 2) an executive 
mode. In the macro definition mode, a macro may be defined or edited and then 
placed in the user's library. The executive mode provides for executing a 
command or an instruction. 

4.2. 2.4 User's Library 

This module provides for saving user's macros and variables and provides work- 
ing space for the user during the period he is at the terminal. The user can 
load a library and then use it, update it and save it. The users 's library 
commands will: 

1. Provide a workspace. 

2. Terminate a work session and store the active workspace. 

3. Copy all the macros and variables from a stored workspace. 

4. List names of defined macros. 

5. Activate a copy of a stored workspace. 

6. Restore a copy of the active space. 

7. List names of defined variables. 

8. List values of defined variables. 

9. List macros. 

10. Name a workspace. 

11. Find the name of the current workspace. 
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4. 2.2. 5 Language Processor 

This module accepts: 1) system commands, 2) subprogram instructions, 3) system 
information inquiries, and 4) programming statements. 

System commands include user-’s library commands and specification commands. 
Specification commands include both components and total system specifications. 
Subprogram instructions provide the information to use a particular subprogram 
which is stored in the Subprogram Library. Systems Information Inquiries 
provide system information and messages. The functions of the language pro- 
cessor include: 

1. As an interpreter, it accepts inputs, statement by statement, from 
the message buffer and puts the data into a common place so that the 
executed program can access these data. 

2. If an input is a macro, the processor will execute that macro, 
statement by statement. 

3. If an input is a Subprogram Instruction, the processor will call the 
Dispatcher. Upon return of control to the processor it will con- 
tinue to examine the input. 

4. If there is any illegal statement, the processor will call the Error 
Message Handling Routine, and terminate the current execution mode, 
clearing the common data area. 

4. 2. 2. 6 Error Message Handling Routine 

This module will issue an e^rov* message to the user whenever there is an illegal 
input statement. The messages should include an error code, problem explanation, 
and corrective action. Recovery from user-program errors involves immediate 
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discontinuation of execution, cutting back the execution stack to the level 
of the most recently called macro, and requesting typewriter input. Recovery 
from system errors is accomplished by the PL/I compiler and operating monitor 
Infinite loops are forcibly terminated by the interval timer routine. 

4,2. 2. 7 Dispatcher 

This module will set up the information regarding what parameters to expect 
from the user and what subprogram to call to execute the instruction. If 
necessary, it will guide the user on how to proceed. 


4.2, 2,8 Subprogram Library 

This module stores the object code of the programs for modeling, simulating 
and analyzing power processing systems. 
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4.2. Z. 9 Power Processing Subsystems Data Base Facility 
This module provides the following capabilities: 

1. A means of accessing, and maintaining, variable-length applications 
data. 

2. A means of cross-referencing or interrelating the data within two 
or more data bases. 

3. A means to restructure and expand an established data base without 
modifying application programs that use it. 

4. A means to ensure that information is available only to those entitled 
to it and that only eligible persons may update the data base. 

5. Checkpoint, restart, data recovery, and statistical information coll- 
ection capabilities. 

Essentially, this module is a generalized program that assists the user in • 
the creation and organization of a data base, provides an efficient dump re- 
store program for data bases, and provides a means for collecting data base 
modifications which are to be used in data base reconstruction. This module 
can be used to create and maintain data bases, and to accomplish data storage 
and access. 

4.2,3 Implementation Strategy 

The basic organizational unit of the management program is the workspace. 

The Workspace consists of 1) system variables, 2) a symbol table, 3) a syntax 
analyses stack, 4)a user's data area, and 5) an execution stack. 

The system variables contain various pointers and workspace constants. The 
symbol table contains entries and each entry has a pointer, a type indicator, 
symbol length indicator, and symbol point-name. The pointer points to the 
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data area v;here the value of the symbol is stored. The type indicator in- 
dicates whether the associated item is a variable or a macro. The point- 
name of a symbol may be a symbol itself or a pointer to the actual symbol, 
depending on the length of the symbol. Syntax analysis is essentially done 
by the Conway Transition Diagram method, and the syntax analysis stack is used 
to maintain a record of the syntax analysis path being traced. The informa- 
tion ’n a record may include: 1) ncune and current line number of the marco 
being executed, 2) status information necessary to resume parsing of the in- 
ternal form from the point it was interrupted, 3) pointers to the symbol 
table for all local variables and their previous pointers to data. The user 
data area contains user defined data items, such as macro definitions, var- 
iables values [may be boolean, character, integer, real, complex), and list 
data entries (used for each macro, it contains a pointer to the beginning of 
each of the macro's lines). Flags tell whether or not the data entry is a 
list data entry and whether or not the data entry is useful. 

The string of input commands and instructions will be scanned by the EDITOR 
which generates the internal form of the language. The internal form is 
essentially produced by a one to one mapping of the input string. Neglig- 
ible syntax checking is done during internal form generation; and once the 
internal form is produced, the input string is discarded. From the inter- 
nal form it is easy to reproduce the corresponding input string and also 
the internal form is readily parsed by the LANGUAGE PROCESSOR. 

Once the internal form has been generated, it may be executed by calling the 
LANGUAGE PROCESSOR (at the execution mode) which can then generate output and/ 
or create data entry in the user's data area to store the results of the 
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calculation. If the internal form vvas created in the macro definition 
mode, then instead of calling the LANGUAGE PROCESSOR, the internal form is 
added to the directory of the currently active macro definition. The list 
data entry is essentially a description which characterizes the particular 
macro, followed by a series of pointers and line counters which describe 
each line of the macro. 

4,2.4 File Design 

The power processing subsytem data should be organized so that a search 
can be conducted in an efficient manner, based on the criteria listed in 
Table 4^1. It is desirable also that the filing system be designed so' that 
the data base can be maintained easily. 

To achieve an efficient search the main file is organized in index random 
form and surrounded by several inverted files. Because the file is index 
random organized, the user can easily search for a particular range of values 
or for a particular value of say voltage or power or frequency. The in- 
verted file assists the user in retrieving a file efficiently based on 
several key words of interest such as voltage, power and frequency. 

To achieve low cost file maintenance, batched updating rather than on-line 
updating is used. Batched updating can be accomplished at a much lower cost 
than on-line updating and carries essentially no negative aspects for this 
application since there is no need for instantaneous addition to the file of 
data on new subsystems. 
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4.3 SUMMARY 

This section has presented a computer inanagement program that can, with suit- 
able available catalog data on existing power processing subsystems, and 
with defined mission objectives, constraints and data*, select suitable can- 
didate designs to assemble a complete system. 

The program can be expanded by additional analysis and synthesis routines 
as they become available to permit the operator to create the optimum design 
by an interactive procedure which compares the results of modeling, analy- 
sis and synthesis with the data base of existing designs. 





5.0 Plan for PhasG II 

5.1 INTRODUCTION 

Phase 1 of this project for the formulation of a methodology for the model- 
ing and analysis of power processing systems investigated the feasibility of 
the mathematical modeling, simulation and analysis. The result of Phase 1 
is a methodology for the development of a flexible engineering tool which 
allows the power processor designer to effectively and rapidly assess and 
analyze the tradeoffs available, and this managemant program has been described 
in section 4 of this report. 

In Phase 2 of this project, a detailed plan for formulation of this method- 
ology will be developed and portions of the plan will be implemented. The de- 
tailed plan includes a logic flow diagram, and when completed will provide the 
vehicle for modeling, simulating and analyzing power processing systems. This 
computer program when fully implemented will also provide for design and opti- 
mization. For each power processing system to be designed, the program will 
provide: 1) a mathematical model, 2) an analysis of expected performance, 

3) simulation, and 4) a comparative evaluation with alternative designs. 

A power processing system generally includes 1) an energy source, such as a 
solar array, fuel cells, or a thermoelectric generator; 2) energy storage de- 
vices such as batteries or capacitors; 3) power processing equipment such as 
converters, inverters, and voltage regulators; and 4) control and distribution 
equipment such as distribution lines, switches, relays and breakers. 

To initiate the design of a power processing system it is necessary to know or 
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to assume performanee specifications. Typical specifications may include: 

1) the required power level; 2) the required yoltage(s)i 3) regulation and 
ripple voltage limitations, 4) electrical compatibility requirements, and 
5) mission constraints such as size, weight, or power limits. With these 

specifications set, the power processing system may be designed to meet the 
requirements at minimum cost, with minimum weight, or with maximum reliability; 
or the design can optimize an objective function that is a composite of several 
factors. Limitations on weight, volume and thermal heating, if included as de- 
sign specifications, may obviate a satisfactory design. 

Power processing systems are usually designed by a trial -and-error process. 
Components are selected which appear to be appropriate, and a paper design 
based on the selected components is completed and then modeled, simulated and/ 
or analyzed to determine its adequacy. If the design specifications are not 
met, the paper design is modified, and then analyzed again. This iterative 
procedure continues until a satisfactory design is achieved. 

The currently used trial -and-error methods for designing power processing 
systems are time consuming and generally do not lead to an optimal system. An 
engineering tool or vehicle which will permit the expeditious design, modeling, 
simulation, analysis and comparison of power processing systems is needed. 

There are several ways to implement a long term, low level of effort program 
to achieve the final goal of a complete power processing design and analysis 
tool. It can be achieved by generating a series of computer routines for spe- 
cific elements of the power processing design task with the thought that these 
eventually would he combined in a master program, or the management program 
can be designed first, and these routines can be added as they evolve to flesh 


out the skeleton which is the management program. 

The risk in the first approach is that there is no common interface des- 
cription, computer language, format, and instructions to permit integration 
and combination at a later date. The risk of the latter approach is that a 
great deal of time and effort is required before visible results are achieved. 
However, the myriad of routines that already exist without a means of combin- 
ing t:iem in a common system leads to the conclusion that the management pro- 
gram and language must be developed first, and that is the recommendation of 
this section. 

5.2 Scope of Work 

The work outlined herein consists of developing a detailed plan for formulat- 
ing a methodology for the modeling and analysis of power processing systems 
to allow the power processor designer to effectively and rapidly assess and 
analyze the tradeoffs available. The detailed plan to be developed will in- 
clude a logic flow diagram which, when implemented as an operational computer 
program, will provide the vehicle for modeling, simulating, designing, op- 
timizing, and analyzing power processing systems. For each power processing 
system to be designed, the program will provide 1) a mathematical model, 

2) an analysis of the expected performance, 3) simulation, and 4) a compara- 
tive evaluation with alternative designs. 

The many capabilities of the total program will be called into play through a 
management program. It is the management program which will establish the 
sequence in which the several parts of the program are called, in order to^ 
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accomplish a desired function such as the comparison of two candidate systems 
or the initiation of a new design which meets a set of specifications. The 
management program will embrace a command language of action verbs such as 
DESIGN, OPTIMIZE, COMPARE, PLOT, CORRELATE, ADD, DELETE. 

Features of the computer program will include; 

1. A file handling capability so that any file generated by a management 
program command can be used by any subsequent command. 

2. MACROS - the ability to read and save a sequence of commands (the set of 
commands is called a MACRO and is given a name}. Later use of the name 
of the MACRO with appropriate file names as arguments, will invoke the 
entire sequence. 

3. A general data input program to read and store input data appropriately. 

4. Interaction ~ providing the user with the ability. to rapidly interact 
with the program. 

5. Machine independence - the program will be written either in Fortran IV or 
in APL so that it can be used on most large scale digital machines. The 
interaction feature will be somewhat limited for machines which do not 
have teletype or display terminals. 

Previous studies and comparisons of existing computer languages resulted in a 
recommendation to use Programming Language 1 for the Management Program, This 
International Business Machine product is in common usage at most universities 



and ts famiHar to all new entrants to the profession ► Table 3-1 has pre- 
sented a comparison of languages. This information will be reviewed early 
in Phase 2 and a final selection made. 

6. Error recovery " when the user does something wrong, the program will 
report the problem and continue or abort as appropriate. 

7. Self documentation - the users manual for the program will be available 
for printout. Only a very short set of instructions on how to access 
the program will be required in addition to a tape of the program. 

8. Open endedness - the program will permit the addition of additional 
capabilities as the need arises. 

5.3 Task Descriptions 

5.3.1 Task 1 - Design of the Management Computer Program 
A computer program will be the vehicle which shall permit the rapid design, 
modeling, simulation, analysis and comparison of power processing systems. 

The framework shall be a management program which ties together a system of 
programs. 

This management program and parts of the program will be developed. In part- 
icular; 

1. The language to be used will be selected (either Fortran IV, APL, or PLl) 

2. The management program command language will be developed. 

3. The management program will. be developed and implemented as a computer 
program. 
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5.3.2 Task 2 - Design of a Library of Power Processing System Components 
At any point in time there is an array of power processing system components 
that are readily available and whose characteristics are well known. To 
facilitate the design of power processing systems the computer program will: 

1) provide for the storage of data on a relatively large number of power pro- 
cessing system components, 2) provide a search mechanism to retrieve data on 
those components which have potential for the particular system to be design- 
ed and 3) provide a mechanism to select from the potentially suitable compon- 
ents that complement of components which provide the best design. 

During this task; 

1. Data on an array of power processing systems will be collected and pre- 
pared for computer storage. 

2. A methodology for retrieving data on suitable power processing system 
components will be developed and implemented as a computer program. 

3. ^ methodology for selecting the complement of available components which 
best satisfy a set of design specifications will be developed and imple- 
mented by a computer program. 

As a first useful product of the Management Program, it is proposed that a 
catalog of existing power processors be computerized to facilitate a search 
on any of a number of parameters. Table 5-1 summarizes the amount of memory 
required to store characteristics of pov/er processors. Refer to Table 4-1 
for typical format of this data.. 


5-6 



; Table:- 5-1^-::-./^ 

Memory Required to Store Gharacteristics 


DESCRIPTION . 

: REQUIRED DIGITS : 

Voltage Type 


Voltage Magnitude 

5 

Frequency 

.. 

Number of Phases 

2 

Name 

12 

Weight 

Full Word 

Cost 

5 

Reliability 

Full Word 

Mode Power 

30 

Pri ori ty 

2 

Voltage Regulation 

Full Word 

Voltage Tolerance 

1 

Frequency Regulation 

Full Word 

Size 

3 Full Words 


TOTAL MEMORY REQUIRED 












These characteristics can be recorded on punched cards, with two cards re- 
quired for each power processor* If the NASA inventory of spacecraft totals 
.200, with an average of ten power processors per spacecraft type, then data 
should be available on 2000 different pieces of equipment* 

If 80 bytes of data fully characterizes a power processor, and if 2000; dif- 
ferent pieces of equipment exist, then 1280 kilobits of storage would be re- 
quired to place all these characteristics in direct access to a computer 
program. 

Other methods of sorting are certainly available and more ecomonical to sort 
and file on any one characteristic.' However, if the intent is to make the 
program interactive on a computer with display, then all parameters must be 
accessible either in active memory or on magnetic tape. 

5.3.3 Task 3 - Methodology of Optimization 

The total computer program, upon completion, will have the following capa- 
bilities: 

T. To store data on many power processing system components. 

2. To retrieve data on components suitable for particular designs. 

3. To select the "best" set of components for a particular system. 

4. To indicate when system specifications cannot be met by currently avail- 
able components. 

5. To design needed components. 

6. To model system components and the complete system. 

7. To compare two or more systems. . 
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8. To simulate components of power processing systems or the complete system. 

This task Will culminate in a demonstration of the total program. at the con- 
tractor's facility. 

5.3.4 Task 4 - Computerized Design Routine 

In order 'to provide immediate useful results, one design task will be meth- 
odized in a computer routine in concert with the language, format, and the 
nomenclature of the management program. 

In section 4 of this report two examples of computerized transformer design 
routines were given. The first of these took a purely theoretical approach 
to transformer optimization, using a scrapless lamination shape, square 
leg, and continuous core and copper sizes to generate a family of trans- 
former designs. No Interaction with the designer was required, and no 
practical constraints, such as wire gages, were imposed. 

The second transformer optimization considered both cut core and toroidal 
shapes, but imposed no limits pn actual available cores and wire sizes. 
Practical considerations such as maximum volts per turn and transistor switch- 
ing losses were considered, but the routine went thru a series of designs with 
no human intervention to determine minimum loss transformer designs. 

The objective of this task is to generate a computer program for a design 
procedure that is usually accomplished manually, requires much time or iter- 
ation to achieve optimum results, but does utilize the prior knowledge and 
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experience of the design engineer. Table 5-2 and Table 5-3 list data on two 
computer programs for transformer design, the second of which appears to 
have the desirable attributes to satisfy the objectives of this task. 


Table 5-2 Transformer Optimization Computer Program 


A computer program has been developed for 
perrormtng transformer opttinizaliom In using thii 
program, values of flux density, frequency, primary 
and secondary voltage and current, materials con- 
slants, and biput volts per turn ratio must be known 
or assumed. Given these parameters, the program 
computes: 

1. primary and secondary turns, resistance, length 
of windings, and lasses; 

2. cote size, volume, weiglit, and losses; 

3. voltage rcgulition; and 

4. overall tranifoimer efnciency. 


Results are compufrd versus volts per turn ratio. 

Since frequency and flux density are not Included 
in ttie transformer aplintizaUon routine, llie program 
is not complete. In its present condition. It would 
make a good subroutine In a more general transformer 
optimization program. 

Language; FORTRAN IV 
Machine Requirements: IBM-7094 

Source; P. Ramirez and H. Dove of 
Electro-Optical Systems, Inc. 

under contract to 
Lewis Research Center 
(LEW-w3299) 


Table 5-3 Computer program for the Design of Toroidal Transformers 


A computer program has been developed which carries 
out the necessary calculations for the design of toroidal 
transformers for use in parallel inverters. Any magnetic 
tape material may be used in the core and any standard 
round metal wire may be used in the coil. 

In most inverter circuits, liie transformer is the heaviest 
component and usually accounts for a significant fraction 
of the power loss. Therefore, careful attention to trans- 
former design can have an important effect on system 
Weight and efnciency. but, because transformer calcula- 
tions tend 10 be tedious and time consuming, a detailed 
analysis of the effects of various parameters can be a 
formidable task. This program relieves the designer of 
most of the computational details, white he rnaintains 
control over most engineering decisions. The number of 
specifications that must be supplied by the user allows for 
considerable Rexibilily and tor the exercise of engineering 
judgment. Furthermore, the speed of tne program make: 
it possible to run a great many cases, economically 
determining the effect of various parameter changes. 

The information supplied to the computer is the input 
voltage, input current, output voltage, frequency of 
operation, desired fill factor, maximum R loss in a coil, 
maximum magnetic flux Jensity. density of the magnetic 
material, spec! He cote loss, specific apparent excitation 
power, ambient temperature, desired current density in 
the windings, and relative resistance and density of the 
wire if a metal other titan copper is used. 

The computer output consists of the input and output 
currents and voliages. excriaiion current, cote identifica- 
tion number, core weiglit, cure loss, approximate regula- 
tion, total losses, cfticiency, loial mass, fill factor, 
ambient and -'peraling icmperatures, final hetgiu, 
diameter, and .surface aica. ficqucncy. power lost per unit 
surface area, and. for each coil, the number of turns, size 
of wire, number of par.'llel windings, resistance, power 
dissipated, and mass. 

The program comams information on 48 sizes of wire 
and 90 sizes of magnetic cutes, equally divided into two 
groups called liglit (hi^i-gain) and heavy (low-gain) cores. 


Thii pro^m has been gppUed to the design of 2- and 
4-kiIovoIt-ampere transformers and, over !i range of 
frequency from 200 to 3200 hertz, a class of transformers 
of nearly equal efnciency has been designed. Tlie variation 
in characteristics of transformers wound on heavy and 
light cotes can also be examined. 


Notes: 

1. The program is written in FORTRAN IV language for 
use on an IBM 7094 and the calculation time is 
approximately 0.001 !-minuie per transformer. 

2. Inquiries concerning this program should be directed 
to: 

COSMIC 

tnformation Services 
lUBanowHtU 
University of Georgia 
Athens, Georgia 30602 
Reference: LnW-11378 

Source: James A. Dayton, Jr. 

Lewis Research Center 
{LEW- 11878) 


REPRODUCIBILnY OP THE 
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To illustrate the kind of program intended. Table 5-4 gives an example of 
the type of design engineer-computer program interaction to achieve an 
economical, practical, and optimum result. 

The first column lists the information required from the operator by the 
computer, such as number and kind of winding, operating frequency, flux 
density, input voltage, and input current. It also requires information on 
physical characteristics, such as insulation thickness between the core and 
the windings, between windings, and between layers. Ambient temperature must 
be given, as well as the operator's choice of a core size to start the design 
procedure. 

At this point the computer prints the core dimensions and tolerances if a 
standard core (available in computer memory) has been selected, or the operator 
inserts the dimensions he has chosen with tolerances. 

For the example given, an AH-3 core was selected, operated at 20,000 Hertz and 
1500 Gauss, vnth 13 volts on the primary. The program calculated the nearest 
number of primary turns to operate near 1500 Gauss, and it was found to be 
65 turns at 1494 Gauss. The nearest approach to the secondary was 14.0 volts 
rather than 13.9, with an error of -0,719*, and a total of 70 turns. This 
established an operating point of 200 millivolts per turn. 


REPRODUCIBILITy OF THE 
ORIGINAL PAGE IS POOR 

Table 5-4 Interactive Transformer Design 


51"’PLY THE FOLLOrirTG DftTAJ 

’I'nPF^ OF V KI^’D OF '.'IWDISGf lOPS) j liNlUTJD 

O^EiATi:JG FrEO. {no's I\’DltCTIOMCCAUSrO= Pj IjSt EOOOOx 1500 
TYPE CO-.'STEl’CTIO:t" l^iSI^fGLE SIDE/ a=EOUAU SPLIT TVO SIDES® 2 

si'^rL" follo”i:jg dat-. m vuidihg opde"! 

F'TFLV fe^ side voltage a:id cuppejt data 
’'OLTSIPE.J® I3> 13.9 
AMPE^FStPH. 5= -07S/ .057 

DO Yor P ISH TO VSE STAMDAP.D ITIS. fiSTACICIMG DATAT= YES 

ccirr PO’^ ms. tkicemeesj layea ims. thicemess 

MAJOP ms. TEIC'CMESSj COPE STACICI-'IG FACTOP =0. 01 Oj D. 001» 0. 002/ 0. 830 
A'lDiriT TBIP. (DEG.C)= 25 * 

.VI SIEF id.CO FO” ilA'lVAL)® 3 
D® O.05PCO ■ E® 0.12500 . F= D.250D0 G= 0.50000 

■rOLE'’P'lCFr D-0.03I2 E-0.D156 F-0.D156 G-D.DI56 


BUILDa 0.22 m. PEH SIDE 


CO'JTPOU 'T DG. 110.® I 
ACTUALFL’Tf DE?1SITY= 


I A?! /I. GAUSS 


PPG.HO.V GETS SPEC'D VOLTS ACTUAL 
t 13.000030 13.000000 

3 l3.90nC0O 14.000000 


COnELOSS= 0.3644UATTS 

SEPPon so.Tunys 

0. OOO 65 

-0.719 70 


POLTS PE~ TI'P:1= 0.20000 

^JE*' FLtr: DFSIPED7® "10 

:rr' cor-, DEri’^ED7= no 

.]it ‘1EEP= 1 "IPE SI7.E 

3. API Layers filled, do you "ish to 
>^>>" i:jnriG tiiiidfp® i pipe si’ie 

2. 7C5 LA'.'EPS filled. DO YOU PISH TO 

>>»vi*idi::g mu ’■*ee'’= i pipe si^e 

3. OPS LAYFP5 FILLED. DO YOU VISE! TO 
Tl'nS/LAYE’’= 21.0 'TMDl'JG UlDT'ta 

DO YO” •• ISH TO CHAMGE TU’^IS/LAYE"?® 
•IF’' TUriTS/LAYEPn P2 . 

2.^55 LAYE”? FILLED. DO YOU '’ISH TO 
TU-TIS/LAYES® SE.O ^IMDIMG U1DTH= 

DO YOT' •* I SH TO CllAMGE TUTiMS/LAHYEn7= 
>»><'1-|DI'IG MUr-TEEn= 2 ''IPE SIZE 

5. 3A4 LAYEPS FILLED. DO YOU TO 

=■>!■>» I 'IU '•1BE*’= 2 t.'ipe- size 

7;'P0C layeps filled, do you vish to 

TU— ir/LA'^E”® 10.0 "I'lDIllG VI DTH= 

no YOU •' ISK TO CHAMGE TUniS/LATE^7= 


CAVG5= 25 

CHAIICE PIPE SIZE?® YES 
(AVG)= 27 

CHAMGE PIPE S1ZE?= YES 
(AVG3® 26 

CHAMGE PIPE SIZE?® MO 
0.407* T.’IMDADLE UIDTH= 


CHAMGE VinE SIZE?= 110 
0.425* UIMDABLE UIDTH® 

MO 

CA"G)= 27 

CH.'uMGE PIPE 51ZE?= YES 
(AMG3= 26 

CHAMGE PIRF SIZE?® !I0 
0.407" TMMDAELE IM 0 !1= 

MO 


CHECK FIT: 198, BO 5 FULL 
llEV FLUX?= 110 

WE” coPE?= no 

PEP SIDE DATA 


”DG,Wn. AMPS AMPS/SO. IM, WLTCIW.J LElGTHtFT. ) S OF FILL 

1 0.0750000 392. 1.177 6.6241 29.031 

2 0.O57DDOO 203. 2.042 12.1614 67. 32G 


VDG. PIPE no. OF TU”MS/ 'HJG. 

MO. GAUGE LAYEPS LAYEP ”IDTH 

1 26 3.00 ' 22.0 0.425 

2 26 7.00 10.0 0.407 


P.ESl STEWCE ■ 2 

OHHS/LEG LEG UT. LEG 1 P 

D.2769 0. 0051 0.0017 

0.5083 0.0093 0. ODDS 


TPAMSFOPMEP TOTALS 


L05SFS 

’•EIGHT 


COPPEP 
0.0 067 
0.C473 


COPE ■ TOTAL 
0.3644 0.3711 PATTS 

0 . 0 130 0.0603 pounss 


LF^IGHTtCJ® 0.3169 HEIGHTCF)® 0.999 5 UIDTH(D)= 0.7333 


spEcrrv rmAPY uiiidimg mo.= )N2 
PFP SIDE data 

’'DO. IMDU CT PEACT E(X> E(PJP' 

no. mcFO K OHMS volts volts 

I 35. 7G 4.4961 ■ 0.2233 D. 0135 

PDG. tlD. TICDIS VOLTS SPEC'D VOLTS ACTUAL 

1 65 13. OOOGOGO 12.9999996 

2 70 13.90COODO 13.9999996 


ECFJF E(TOT) 
VOLTS VOLTS 
0.0216 0.2533 

VOLTS OUTPUT 
12. 7416918 
13.9999996 


PEPEATS-PJO '/ 'ALL'/ 'COHE'/ OP 'FLU3C '® FLUX 
HEP FLUY= 1600 
CONTROL V DG. MO. = 1 

ACTUA1.FLUX DHISITY® 1592. GAUSS CDPELOSS® 0.4:61UATTS 


UDG.MO. VOLTS SPEC'D VOLTS ACTUAL 

1 13.000000 13.000000 

2 13.900000 13.S52459 


SEPROn HO. TUTUS 
O.OOG . 61^ 

0.342 65 



le 5-4 (continued) Interactive Transformer Design 


” 0 LTF Tl'"M= 0.01311 , 

rnr" Fur •< pEsiri:c?= no 
ri?" cc~r DF 5 iT’ri; 7 = »io 

»>«frirjvr; :ar !ir-E''= i '-inE size ca’*G)= 3o 

1.7FA l-AVF''? FILLED. CO YOI- FISH TD CHAHCE FIDE 5IZE7= YES 

i size cafg)= sa 

l.AS? LAvr.-5 FILLED. DO YOU ”ISH TO CHAIICE FITE EIZE?= MO 
T’’";iS/LAYF^= *2.0 '.■ir]DI'!G ’•IDTH= 0.A17" VINDAPLE HIDTIN 0. iiau' 

DO YO'' ”1 SH TO CHA'IC-E TVrt]S/LAYEr?= MO 
>»->”i:irriG MP’:'"Fr= a i’iee size (avgjp 32 
".P50 LAVE-S FILLED. DO YOt> VI SH TO CHAMGE VI^E SIZE7= HO 
Tt'*”iryLA'.'Er= 25.0 VIMDIMG ”IDT11= O.AOT' HIHDADLE IIIDT!I= 0. A2A- 

DO YO’* "ISH TO CHAHGE T1IPIS/LAYEP.T= HO 

C.'lEC.'t FlTt 6A.5E ~ FI<LL BOILDn □. 07 IH. PEP SIDE 

s'lr.*' FL"Y7= YES 
lAOP 

COMTTOL V DG. :iD,= 2 

ALT''/iLFLirc D=:iSITY= !A03. GAUSS COrELOSS= 0.3157VATTS 

T'DG.HO. ’-OUTS SPKC'D VOLTS ACTUAL SEPPOP HO.TVPHS 

1 ts.oocnoo 12.960511 0.301 69 

2 13.9COOOG 13.9DCOOO 0.000 71l 

VOLTS PF- T''FT= P.lG.73ft 
PF” FL’Y CEri';FD7= HO 
:jr'- co"F D?si"'Er.7= :m 

>>i>’'I'!Pi*!r. Ilf !TF’'= t '‘I'-F SIZE tAVG)= 29 


0 . 3157 VATTS 


»‘I''F SIZE tAVG)= 29 


r. 3 n'> LA''FPS FILLED. 
T 1 "-rr/Li'.’'F~= 30 . c 


DO YOV VIET! TO CHAMCE VIDE SIZE 7 a HO 

’THDiriG ''IDTH=: 0 .A 15 " VIHDAEL'E t.' 1 DTK= 0 .A 2 A" 


CO YD” ’TS;I TO CHA-JGE TP^IIS/LAVEr 7 = HO 


>>»*TIPi:iS M'‘"DF-= 2 

LA" 7 P 5 FILLFC. 
Tt-“ 1 "/LA‘'EZ= 16 . 0 


•'I“E SIZE CAVG)= 30 
DO YOV "lEM TO CHAHGE VIPE SIZE 7 = HO 
■VinrilHG '■•’IPTH= 0 . A 08 " VIHDABLE VI DTH= 


no VOV ” ISH TO niAHGE Tl’PHS/'LAYEP 7 = HQ 


C'lrCK FITS! 07.63 T FALL 
= ‘ir' ruz'7= YES 
1 ?P 0 

COHT~OL •' DS. HO. = 2 
ACTIVJ.FLH DniSITY= 


PEP SIDE 


15 05 . GAUSS 


C 0 nEL 05 S= 


0 . 370 DVATTS 


'■'DG-HO. ''OLTS SPSC'D VOLTS ACTUAL 
1 13.000000 13.090203 

P 13.900000 13.900000 


SFY-or MO.TUFHS 
- 0.725 65 

0.000 69 


VOLTS PFP TU’Y']= 0.20165 

HE'' FLUV: PESIPFD 7 S YES 
MEU FL 1 W= IS 50 
COHTP.OL y DG. M 0 .= 2 
ACTUALFLU X DRISITY^ I 550 . GAUSS 

VDG.no. VOLTS SPEC'D VOLTS ACTUAL 

1 13.000000 13.070149 

2 . 13 . 9000 n 0 13.900000 

VOLTS P&v TtirH= 0.20746 
HFU FLU X DEFIVED 7 = YES 
HE" FLUX= 1575 
COHTPOL ’.’DG, T-! 0 .= 2 
ACTI’ALFLT' t DFMSITY= 1573 . GAUSS 

"DG.IIO. ”OLTS SPEC'D VOLTS ACTUAL 

1 13.000000 13 .C 57575 

2 I 3 . 90 DOOO 13 .O 00 D 00 


COPELOSS= 0 . 3934 UATTS 

sE*ip.on HO. Tunis 
- 0.540 63 

0.000 57 


COHELOSS= _O. 40 GOt'ATTS 

SEnnop MO.Tums 

- 0.443 62 *. 

0.000 66 


VOLTS PE" Tt"ZI= 0.21061 
HEU FLUX DES 1 "ED 7 = HO 
flF’' CO''E DF 5 I"FD 7 =: MO 
>»>vi-JDir.'G *l>ZirFP= ! VIZE SIZE 

2.067 LAVE’'S FILLED. DO YOU "ISU TO 
TU'^IS/LAYE'’= 30.0 ’’IMDItlG "I DTH= 

DO YOU ” ISH TO CKAHGE TUPHS/LAYEUTt: 
HEY T”"HS/LAYE"= 31 

2 . 000 LAY-P 5 FILLED. DO YOU "IE!) TO 

T 1 ir:iE/LAVFv= 31,0 UIMDIHG UIDTK= 

DO VO" •* ISH TO CUAMCE Tir’HS/LAYE> 7 = 

>>»”iHni:iG Hf ’IFF"= a ’iife size 

4.125 LA’^EPE FILLFD. DO YOU "I 5 U TO 
T’r''f 5 /LA''E''= 16.0 '.'IMDItlG VIDT!l= 

DO VO" " IS’I TO CHFu’IGF TUr:iS/LAYEr 7 = 
HF." TTT;jS/LAYEr= 17 

3 . ZZ 2 LAvr’S FILLED. DO YOU UISH TO 

TIV'MS/LAYF’'= 17.0 ’-’IHDniG " 1 DTK= 

DO YD" " ISH 70 CHAMGE TUn.VS/LAYEFTs 


(AVGJ= 29 

CHAI'IGE UIPE S 1 ZE 7 = HO 

0 . 4 IS- UIHDABLE L’IDTH= 

YES 

CHAMGE FIFE SIZE 7 - HO 
0 . 429 - UIHDAELS VIDTH= 

T!0 

t 7 .VCI= 30 

CHAMGE Vir.E SIZE 7 = HO 

0 . 4 DC- "IHDAELE V 1 DTH= 

YES 

CHAHGE VITtE 51 ZE 7 = HO 
0 . 432 - yiHDADLE V 1 DTH= 

:jo 


31 IIL 0 = 0.09 IH. PE" SIDS 


CHECH FIT* PD . 33 % FULL 
ME" FLlPr?= HO 
HE” CO-EZr: HO 
PEP SIC" DATA 


"DG.TIO. AMPS AllPS/SO.IM. MLTC 1 H .3 LEt: GT.HC FT. J 

1 0. 075 0000 '' 50 . t .046 5.6547 

2 0.0570000 513 . 1.409 7.9933 


"PG. ”I"F no. or Tt'F'.'S/ "DG. 

HO. GAUGE LAYF.MS LAYFP "I DT.H 

1 29 2.00 31.0 0.429 

2 30 4.00 17.0 0.432 


DESISTEICE a 

OJIMS/LEG LEG FT. LEG I F 
0.4632 0 . 0022 ' 0.0023 

0 .G 475 0.0024 0.0014 


Table 5-4 (continued) 


I r 

I 

1 

I [~ ~ " 

5 


T'’A:isro'';!En totals 

coppeh cope total 

LOPPr? C.0112^ 0.AO60 .059 0.4I7S UATTS -OTOI 

'•EIG'iT D.0I41 C.0130 0.0271 POLTIDS 

LrrG!tTCG>= 0.8169 KFIGHTCFJn 0. 74.'(a PlDT‘tCD)= 0.4826 


.'PFCIF;' P^IMATIY PJ-IDI-JG fJO. = 2 
r?" PIOE DATA 


INDUCT 

PEACT 

ECX) 

ECPIP ' 

ECP35 

ECTDTJ 

'Ucno !I 

ONUS 

VOLTS 

VOLTS 

VOLTS 

VOLTS 

I 0. 19 

1.2310 

G. 0636 

0. C227 

0. 0365 

0. 122-3 


"FIR. :io. Tir:-js volts spec 'd volts actual volts output 

1 r-E 13.000DOCA 1.7. 0575755 l£. 0347469 

r £5 13.9000000 I3.S999997 13.8999997 

~ErrATS-':io'’j. ' all* 4 "ConE'. op 'rLtrr'= fli’y 
: tr" rLV'rp 1375 
CO'ITPOL vdg* "td.^ 2 

cn ACT’-’ALFLnt DE:rSlTY= 1366. GAUSS COrELOES= 0. SOEAlfATTS 

■-•DG.ria. VOLTS SPEC'D VOLTS ACTUAL 5EPT10P [OO.TUPIOS 

1 Ij.rooroo IE. 935526 0. Ill 71 

2 13.900000 13.9COCOO 0.000 76 

VOLTS T'. p;t= 0,152.39 

t’~” FLV *: PFri'’TD7= UO 

vr” co"E D“si'’Ei;v= *10 

>>»’-IUPi:lG Mt-:EE*'= 1 "IPS SIZE CAVC)= 30 

E.nST LA^p-S FILLEE. DO YOU "ISU TO CTAIGE VirE SiZE7= NO 
T’’^TS/!.AYF''= 34.0 "lUDlUG "1DT1!= 0.4EO" VriDASLE t;n>TII= 0.424" 

HT vni- .• 70 CUA'IGE T1ir:iS/LAYE''7= YES 

•IT- 

1.97C LA"EP.'^ FILLED. DO YOU -iril TO CHANGE PIPE SIZE7= NO 

T''iT;r/L.""rr= o®. n "iriPivG vidtm= 0.444 " vindadle width= d.424" 

DO V." int TO c’i.A"Gr tnp-is/l.ayp-tb :jo 
>»?”i'!oriG :irsEr.T= £ vi-t <^, 1.;^)= 31 

4.22? LA'EPS filled. DO YO" VISV TO CHATIGE VI”E S1ZE7= YE.S ' 
>5.»-I‘1DI*10 'NTlDE.Ps 2 ’’jpE SIZE CAVG)= 30 
4.7?f L.V'E-r FILLED. EQ Z’OU ’TSU TO CHWIGE PIPE NO 

T’"-NR/LAvj:t7= 1C. c VINDITIG fIDTH- 0-408" WIMDABLE P1DTH= 0.424“ 

ra YOl’ ”15?? TO CMWIGE TV.”N.5/LAYEn7= -JO 


CNECK FIT; 90.53 £ FIT-L 


E”ILD= 0, IC In. pep side 



6 


=MFU FLUY7= yes 
1300 

CDIITPOL 'jDG. N0.= 2 

ACTUALFLVY DaiS!TY= 1298. GAUSS CDPE1.0SS= 0.27I7UATTS 

”DG..‘IO. VOLTS SFEC'D VOLTS ACTUAL -KErnOP MO.TUriNS 

1 lo.ecproc is.osiEso -o.24o 75 

2 13.ncOG01J 13*900000 O-OCO 30 

VOLTS PE” TrP’!= 0. 17375 
flE” FL'i: DTSI-’EP7= rjo 

nr” co"E nr.”f’'ED7= no 

>»>”INDI!TG NltMETs 1 T'lPS SIZE IA1?05= 29 

2. 500 LAYEPS FILLED. DO YOU U1S;I TO C.HANGE UIHE E1ZE7= !J0 
TnPNS/LA''E”= 30.0 ’.'UJDING l'IDT!I= 0.41S" UIIIDASLE. t:.DTH= 0.424" 

DO YO” " 1.5'? TO C-HANGE TnPN5yLAYE.37= ?I0 
>>»”I’}DriG NU ’IEE”=: 2 UIPE .SIZE (AVG>= 30 

5. ODO UAYE-S FILLED- DO YOU VlSft TO C.NA:JGE TJVE EI2E7= WO 
TirNS/LA”EP= 16.0 VINOriG V1»TH= 0.406* VK1EA3LE NIDTH= 0.424- 

DO YOU VIS.’t TO CHANGE TlT;iS/LAYEn7=f NO 

CVECrt FIT:IC7. 69 S FULL DU1LD= 0.12 IN. PEP SIDE 
=:IE” FLt.»N7= YF5 
i2pn 

CONTPOL ” DG. NO. n 2 , 

ACTUALFL1'-: D3I51TY= 1193. GAUSS COnELOSS= Q. 223 IT’ATTS 

I'DG.MO. VOLTS SPEC 'D' VOLTS ACTUAL 3EPU0P NO.TUr.NS 

1 tS.OODODO 12.941379 0.451 8! 

2 12.900000 13.900000 0-000 87 

VOLTS PEP TUP'!= 0.15977 
ME" FL'TC DESIPED7= YF.s 
ME" FLU-:= 1335 
CONTPOL ” CO. !10.= 2 ’ 

ACT?'ALFL'”I DE>0.''1TY= 1334. GAUSS COUELOSS= D.3109UATTS 

"DG..NO. VOLTE SPEC'D "OLTS ACTUAL SEP-P-OP NO.TUPtlS 

1 13.00DOCD 12.973333 0.205 70 

2 13.900000 13.900000 0.000 75 

I'OLTS PEP TV"-I= O.t-3533 j 

ME.” FLtr? DrSlPED7= tjQ ■ 

ME" CO“T DE5IPED7!= NO | 

>»>"i:TDi:fs rn:;r.EP= i vmE size (avg)= 3C 

2.059 LAYFP.*^ FILLED. DO YOU UlSH TO CUANC-E UIPE SIZE7= NO 
TU”NS(N.AYE”= 34.0 VIMCniG VlDTHa C.42C" "INDADLE nD7’>= C. 4f 4“ 
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Table 5-4 (continued) Interactive Transformer Design 


DO VOr> ”IFTt TO CHft’lOE TU’'.'JS/L/'VF"’= VE5 
•r"" T''^3E/LflVE'^= j5 ' - 

Li'Y7'’r FILLED. DQ VQ” "I DM TO CM/VMGE DXDE SIZE'?= TIO 
TI — ?r/!.AV”’'= 35. O’ ’’iriDIMG VIDTu= P. a3S" DIMDAJsLE T:1 DT![-s C.AE4** 

DO '’OT' TO CMA-MGE T''’"J5/IwAY?“?= 'JQ 

>>»’T!"I-.'G ■ ?. '•1"E SIT- CA”G5= 31 

4.K7 LAYT^’F filled. DO VO'* "IFM TO CMAMGS VIFE EIZE7= MO 
T'—!'‘/L:TV-'’= 15.0 '"tJDIMG ”101^1= D./lOT" "IMDAILS I'1DTH= D.4S4" 

DO YO'T "IE” TO C'ftMGc Tl1*t!?/LAVEM7= YES 

Y'.-t VLAYF'’= 10 

3.1/.7 LiV:*F~S FILLED. DO YOU I’lSM TO CHAMGE I-MTE SIZE7= MO 
T'’'’MSyLA''-"= lO.O ’•I'lDIMG L‘IDTM= 0.423' t’I'SDA-lLE T1DTH= 0.424" 

pri ^-Qfi .• JCT TO CHAMGE TUTM?/LAYE”7= MO 


C"EC:; FIT: 7P.9S D FILL 

Mr” rL””7n ”0 
ME'" 00 - 77 = .MO 
r"’' .'■IDE DA“A 


rUILD= 0-05 IM. PET SIDE 


•T E, -in, 
I 

P 


. 4 ':P 5 I/E'^. IL*. 
0.07O00CC '’04.' 

c.osTor.rir /4".. 


•*DG. ”i~E TIO. OF Ttrrir/ ”nr. 

MO. G-O'Y- LAYE-S LAVE" IM DTIi 

1 SO 2.00 35.0 Q.4.12 

? •’I- 4.00 17. n 0.423 


rn-Ttl T.) LFMGTKtFT.l S OF FILL 

1.0S4 f.2GD2 13.14$ 

l.Sf-l 1- 7570 r-3. 34 s 

r-?ISTE’'OF 2 

OHtlS/LEG LEG TT. LEG I F 

n.oesT 0.0019 o. no4i 

1.I73C- '’.0021 0.0019 


■ FPFAT.s-'MO', 'AU.', 'COPF.'j OP. 'FLUX '= FLIP,: 

MF.'" rL'T'= 17 '’$ 

COMTPOL " DO. P 
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The details of transformer design are now established between the operator 
and the computer. The operator selects AWG 25 for the primary. The com- 
puter says this fills 3.421 layers. This is not a desirable form, since 
all layers should be filled. The operator says, try AWG 27. The computer 
says 2.708 layers filled. The operator says, try AWG 26. The computer says 
3.095 layers filled. This appears to be achievable in the judgment of the 
operator, and he proceeds to tell the computer to place an additional turn on 
each layer, exceeding the minimum windable width by 0.001 inches. This pro- 
cess is repeated for the secondary. 

In column 2, it is determined that the core window is 192. 85i full, indicating 
an impossible design, However, the operator wants to know all the particulars 
before he proceeds. The computer prints out current, current density, mean 
length of turn, total length, number of layers, turns per layer, resistance,, 
winding weight, copper loss, copper weight, core loss, core weight, and over 
all dimensions. The program also calculates the winding inductance, react- 
ance, and actual winding voltage on each winding. 

At this point the operator inserts his judgment on what to try next, and 
chooses a higher operating flux density, 1600 gauss, and this drops the pri- 
mary to 61 turns (from 65), and the secondary to 65 turns (from 70), with a 
+0.342% error on the actual secondary voltage. 

At the top of column 3, the wire fit is checked, and much smaller wire sizes 
are selected, this time utilizing only 64.55% of the core window. The oper- 
ator now selects a flux of 1400 gauss, and determines wire fit. The nearest 
full layer wire size again exceeds the core window, and the flux is changed 
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back to the initial 1500 gauss, but this time the voltage error is put with 
the primary. 

This iterative process is repeated for a total of fifteen different flux 
densities, until a winding fit is established v/hich fills each layer, fills 
the core window, and achieves an acceptable design in terms of weight and 
losses. 

5.4 Phase II Implementation Plan 

All aspects of pov;er processing methodology are to be brought together under 
the management computer nrogram described in detail in Section 4 of this re- 
port. This activity will serve as the common structure on which to develop 
design, modeling, analysis, optimization, and simulation techniques; and the 
language, format, and consistent nomenclature to permit a variety of power 
processing design routines to be operated in sequence. 

Three types of information can be developed to add to the total management 
program. The first of these is the physical characteristics and details on 
existing equipment described under Task 2 of this section. This data will 
also serve as the baseline against which simulated systems are measured and 
against which analyzed systems can be compared. The second type of data to be 
utilized is electrical performance characteristics determined from phase-gain 
measurements on circuits that cannot be modeled or analyzed by other means. 

The mathematical transform of the Bode Diagram resulting from the phase-gain 
measurement will permit detailed analysis within the content of the manage- 
ment computer program, and the effects of interaction with other circuit ele- 
ments whose characteristics are already available. The third source of in- 
formation is computer routines for tedious and iterative design procedures 
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that can be handled directly and adequately by a computer. The transformer 
design procedure is the best example of this type. Three different routines 
have been detailed in this report, two additional programs at NASA Lewis have 
been referenced, and other computer techniques were listed in the Task 3 
Report. 

5.5 Milestone Schedule 

The Phase II task schedule and program milestones are shown in Figure 5-1. 

5.6 Required Resources 

The allocation of manpower resources is shown on Table 5-5, This includes the 
number of hours and type of personnel by labor category to be assigned to each 
task of work. Estimated computer costs in dollars by task are also shown on 
Table 5-5, based on a composite billing rate for a variety of data processing 
services. Average computer charges for the power processing design group at 
Valley Forge have been $300 per month over the past several years. The inter- 
active routines envisioned do not result in open loop computer processing, 
and consequently do not result in high computer expense. 
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Task 1. 

Design of the Hanageawnt Computer Program 


Task 1 Report 

Task 2 . 

Design of a Library of Power Processing System 
Components 


Task 2 Report 

Task 3. 

Methodology of Optimization 


Task 3 Report 

Task 4. 

Computerized Design Routine 


Task 4 Report 

Task 5. 

Monthly Narrative and Final Report 



Figure 5-1. Program Milestone Schedule 
Table 5-5. Technical Work Allocation 
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Engineers 
Techni ci ans 


Total Program 
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Task 2 

Task 3 

Task 4 

400 

130 

200 

200 

120 

180 

20 
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520 

310 

220 

200 

$1500 

$600 

$1200 
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$800 



150 1400 


$4100 




































SECTION 6 


CONCLUSIONS 



CONCLUSIONS 


This report has presented a computer management program that can, with suit- 
able available catalog data on existing power processing subsystems, and 
with defined mission objectives, constraints and data, select suitable can- 
didate designs to assemble a complete system. 

The program can be expanded by additional analysis and synthesis routines 
as they become available to permit the operator to create the optimum de- 
sign by an interactive procedure which compares the results of modeling, 
analysis and synthesis with the data base of existing designs. 
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1.0 INTRODUCTION 


The Mariner Jupiter/Saturn vehicle (MJS77) is an outgrowth of the previously 
flown Mariner-class spacecraft for outer planet missions. 

Previous Mariners used a solar cell power source for missions out to one and 
one-half years. The Jupi ter/Saturn mission is nearly three times as long, 
and involves interplanetary distances to 9.5 astronomical units, and thus re- 
quires a solar independent power source. 

Two identical vehicles will be launched during the 1977 Jupiter/Saturn launch 
opportunity. Their mission is to conduct exploratory investigations of the 
planetary systems of Jupiter and Saturn and of the interplanetary medium out 
to Saturn. Primary emphasis will be placed on comparative studies of Jupiter 
and Saturn by obtaining measurements of the environment, atmosphere and physi- 
cal characteristics of the planets, and one or more satellites of each planet; 
studies of the nature of the rings of Saturn; and exploration of the inter- 
planetary medium of increasing distance from the sun. 

Engineering objectives of this mission are to demonstrate the use of Mariner 
class spacecraft for operational periods of four years. The second objective 
is to demonstrate the use of radioisotope thermoelectric generators (RTG's) as 
a primary spacecraft power source for long duration interplanetary missions. 

A third objective is to demonstrate interplanetary communication and naviga- 
tion accuracy for distances in the order of one million miles. 
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2.0 SYSTEM OVERVIEW 


The Mariner Jupiter/Saturn spacecraft system has the basic mission of support- 
ing scientific experiments for at least four years and of collecting outer 
planetary data and transmitting it back to earth. 

Representative instruments and experiments are of the following types: energetic 

particles, imaging, infrared, Lyman alpha, magnetic field, meteroid science, 
photometry polarimetryi plasma, plasma wave, radio astronomy, radio science, 
ultraviolet spectroscopy and X-ray. 

These experiments place various demands on the spacecraft and supporting sub- 
systems, such as pointing accuracy for imaging and scanning devices, and con- 
trol of radiation and thermal levels for the nuclear power sources to prevent 
interference with energy measuring and infrared experiments- Still other experi- 
ments are electro-mechanical and optical in nature and as such will demand short 
duration, high current, fast rise time pulses with the resulting EMI effects, 
all of which must be considered in the electrical and power subsystem design. 

Spacecraft power management, fault detection, and fault removal are of signifi- 
cance since ground communications to the spacecraft in deep space can require 
considerable time. Reaction time is of critical importance near mission end, 
where system power has decayed and there is a high power demand to support 
collection and transmission. Autonomous power management was considered for 
system implementation under these operational conditions. 

Three radioisotope thermoelectric generators are installed on the vehicle during 
the typical pre-launch phase sequence of events. The next phase is ascent with 
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its many events of boost and spacecraft separation, but of significance to the 
power system is the firing of pyrotechnics for venting and deploying the power 
sources. At this time the science scan platform is unlatching and science 
booms are deployed. Within two hours of launch, the sun and Canopus are ac- 
quired for guidance. Science instruments are sequentially turned on to gather 
data from the earth's magnetic field and trapped radiation belts. The subse- 
quent cruise phase encompasses all the mission time that is not included in 
the ascent, trajectory correction maneuver, or the Jupiter/Saturn encounter 
phases which are not detailed here. 

The power subsystem must be capable of enduring the hazardous environments of 
the near-earth and solar magnetic and electro-magnetic radiation, Van Allen 
Belt protons and electrons, solar wind protons, and galactic cosmic rays. The 
environments peculiar to Jupiter and Saturn include planetary radiation belts, 
the interplanetary meteoroid and asteroid belts beyond the Earth-Mars region, 
and the rings of Saturn. Information on these environments is presented in 
the Outer Planets Natural Space Environmental Estimates Document. An assess- 
ment and description of these environments is available in the Mariner Jupiter/ 
Saturn 1977 Mission Requirements Document, JPL Project Document No. 618-4, and was 
modified based on interpretation of data accumulated from the Pioneer 10 mission. 
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3,0 VEHICLE CONFIGURATION 


The spacecraft has a design mass of approximately 737.5 kilograms or 1625.8 
pounds, including the adapter and a 4 percent contingency. Figure A-1 is an 
assembly drawing of the vehicle. 

The poi»/er system is expected to weigh 516 pounds or 31.7 percent of the space- 
craft weight. This power system weight includes both electrical and mechani- 
cal support items such as the three radioisotope thermoelectric generators; their 
deployment boom, mechanisms, squibs, latches, thermal heaters, and radiation 
shielding? and all regulators and converters used in the power processing. Al- 
so included are 113 pounds of vehicle harnessing and an estimated weight of 40 
pounds for the spacecraft loads which must provide their own 2.4 KHz converters. 

The four major structural elements of the spacecraft are the radioisotope 
thermoelectric generator boom, the high gain dish antenna, the science boom, 
and the bus structure with nine bays of electronics. Bays 2 and 9 are dedi- 
cated to the power subsystem as shown in Figures A-2, A-3 and A-4, 
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Figure A-3. Electronic Assembly Number 2 



Figure A-4. Electronic Assembly Number 9 
























4.0 POWER SYSTEM FUNCTIONAL DESCRIPTION 


The power system has two primary functions. First, it must provide a central 
supply of electrical power to operate the spacecraft electrical equipment. 
Second, it must provide the required sensing, switching and control functions 
for the effective management and distribution of electrical power. 

Three Multi -Hundred Watt Radioisotope Thermoelectric Generators provide the 
primary power source as shown in the functional block diagram of Figure A-5. 

The power source logic unit contains the circuitry necessary to interconnect 
the RTG's to the power conditioning equipment. This includes isolation diodes 
and shorting switches. 

The dc power bus is regulated to 29 vdc £1% by a shunt regulator. The shunt 
regulator senses the common RTG voltage and maintains it by dissipating the 
difference between RTG power available at 29 vdc and the spacecraft load demand. 
Voltage regulation of the RTG's provides relatively constant loading and 
serves to maintain the RTG internal temperature near the design point. 

Power from the dc bus is transformed to 50 volts rms, 2.4 KHz, single-phase, 
square-wave power by the main inverter for most spacecraft ac loads. An 
identical inverter in standby serves as a backup to the main inverter. 

Switchover is controlled by inverter failure detection circuitry located with- 
in the pov/er control unit. 

The power distribution assembly is designed to provide the required switching 
and control functions for the effective management and distribution of power 
to user loads. Power switching circuitry is designed to operate in response 
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Figure A-5 Power Subsystem Block Diagram 














to stored or real time cominands from the computer command subsystem. 

A 400 Hzj three phase inverter provides conditioned power to the attitude 
control subsystem gyros. 

A battery, with its associated charge and discharge electronics, will provide 
the large magnitude, short duration power required by a propulsion module 
during the ascent phase. During planet encounter, the power margin between 
spacecraft load demands and RTG capability is minimal. It is intended that 
the battery be used to supply load turn-on transient power at this time. The 
battery energy that is removed during discharge is replaced when there is ex- 
cess RTG power being dissipated in the shunt regulator. A control signal from 
the shunt limits the charge rate so that some power remains in the shunt to 
keep it active and able to maintain dc power bus voltage regulation. When 
spacecraft load demands deplete the power in the shunt, the shunt signals 
the battery discharge electronics to supply battery power to maintain dc bus 
voltage regulation. 

Some components of the power system such as the power distribution units, the 
power control unit, the battery, and the charge/discharge electronics are 
presently in the design phase. Therefore, breadboard data, analysis, and 
researched estimates will be used in their descriptions. 
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5.0 POWER SOURCE EQUIPMENT DESCRIPTION 


5.1 Multi "Hundred Watt Radioisotope Thermoelectric Generator (HHW-RTGl 
The Multi -Hundred Watt Radioisotope Thermoelectric Generator (HHW-RTG) has 
been designed and developed by the General Electric Company for the Atomic 
Energy Commission to be used on NASA's Mariner Jupiter/Saturn vehicles. The 
generator shown in Figure A-6 uses a 2400 watt plutonium 238 heat source and 
has been designed to produce 125 v/atts of electrical power at 30 volts at 
the end of five years of operation. Initially, it will produce 150 watts at 
30 volts. The power output drops about 17 percent over five years. The con- 
verter consists of 312 silicon-germanium (SiGe) thermoelectric elements and a 
multi-layer molybdenum foil astroquartz insulation system housed within a 
sealed beryllium outer shell which serves as the RTG primary structure and 
external waste heat radiator* The SiGe thermoelectric material was selected 
because of its high conversion efficiency and for its ability to operate in 
air or vacuum at high temperatures — a prime consideration for long duration 
missions. During normal operation, the nominal hot and cold junction tempera- 
tures are 1000° and 300°C, respectively. An inert cover gas is provided for 
ground operations to prevent exposure of the oxidizable foil insulation to air. 
This gas is vented to space after launch. 

To contain the cover gas, the outer shell of the RTG is pneumatically sealed 
at the end pressure domes and all shell penetrations, including the 312 
thermocouple attachments. A gas management system, consisting of an externally 
mounted valve connected to the case, releases the cover gas after launch. 
Overall external dimensions of a single RTG are 15.7 inches in diameter by 
22.9 inches in length, a volume of 359.5 cubic inches, and a total weight of 
84 pounds. 
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Figure A-6, RTG Cutaway View 
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The MHW heat source contains twenty-four spheres of plutonium dioxide to make 
up the 2400 watt (thermal) inventory (Figure A-7). Each sphere is encapsu- 
lated in an iridium post-impact containment shell and is provided with its 
ov/n impact protection. This assembly is referred to as a fuel sphere assem- 
bly (FSA). The FSA's are arrayed in six planes along the length of the heat 
source, four FSA's to a plane, with each plane rotated 45 degrees with respect 
to the planes adjacent to it. For reentry protection, the FSA array is con- 
tained within a graphite aeroshell which is also the basic structure of the 
heat source. The aeroshell is enclosed by an iridium outer clad which pro- 
vides the mechanical and thermal interface with the heat source, pneumatic iso- 
lation of the heat source from its environment, protection during the multiple 
skip class of reentries, and gas management for the helium generated by the 
fuel . 

5-1*1 RTG Internal Impedance - Some effort has been expended to determine the 
internal impedance of a loaded RTG. Figure A-8 indicates the internal impedance 
with an inductance of a few microhenrys at a frequency of 1 Mega Hertz. Test 
data and analysis has indicated virtually no shunt capacitance. No specific 
effort has been made to map the RTG dynamic impedance over a range of fre- 
quencies. 



Figure A-8. Equivalent Circuit - RTG Internal Impedance 
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Figure A- 7 RTG Heat Source Cutaway View 
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5.1.2 RTG Radiation - RTG radiation maps are presented in Figures A-9 and 


A-IQ for the spacecraft configuration based on current design data for the 
MHW-RTG, The maps include gamma and neutron radiation flux based on calcu- 
lations for three RTG units mounted in a single axis. The fuel age (10 years) 
is assumed to be a maximum expected for the mission including RTG fuel assem- 
bly and testing activities. Additional information is available in the 
Mariner Jupiter/Saturn 1977 Spacecraft Description, Jet Propulsion Laboratory, 
dated July 12, 1972. 

5.1.3 RTG Life Characteristics - Available power as a function of fuel life 
is shown in Figure A-11. 

5.2 Battery 

Transient spacecraft power requirements which exceed the capability of the RTG 
power source will be met by the use of a rechargeable, hermetically sealed, 
nickle-cadmi urn battery. It has a capacity of approximately 3 ampere-hours, a 
weight of 5.0 pounds, and a volume of 178 cubic inches. It is capable of oper- 
ating throughout the entire mission in a temperature range of zero to 25 degrees 
centigrade. 
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Figure A-9 Gamma Radiation Flux Map 
Units: Gammas per Square Centimeter-Second 




A-17 



Mission Time, Years 

Figure A-11 RTG Performance in Vacuum 


6.0 POWER PROCESSING EQUIPMENT 


6 . 1 Main Inverter 

The main inverter transforms the input voltage of 29 volts dc + 1 percent, from 
the main bus to 50 volts rms, +3 percent and -4 percent, square-wave. The out- 
put power ranges from 145 watts minimum to 315 watts maximum. The rise and 
fall time of the output waveform is 2+1 microseconds. The inverter is de- 
signed either to run from a clock synchronized at 4800 Hz or to free run at 
4750 Hz + 0 percent and -5 percent. The efficiency is to be at least 92 per- 
cent at full load. The output is short circuit protected for a period of 0.5 
second with a source capability of 35 amperes. The inverter is to operate over 
a temperature range of -20° C to +75°C. 

The inverter free run frequency is generated by an operational amplifier os- 
cillator. The basic frequency of operation is determined by a resistor- 
capacitor time constant, R7 and C3 of Figure A-12. The actual frequency of 
operation, however, will be determined by the spacecraft central clock. Tran- 
sistor Q1 synchronizes the oscillator to the clock frequency. 

A buffer amplifier, Q2, amplifies and squares the oscillator output to drive 
the bistable multivibrator, Q3 and Q4. The state of the multivibrator is 
changed by the negative going edge of the square wave from the buffer ampli- 
fier. Therefore, the output of the multivibrator is a square wave whose fre- 
quency is one half the oscillator frequency. 

The drive transformer, Tt , converts the high voltage, low current square wave 
from the multivibrator to a low voltage, high current square wave to drive 
the power transistors, Qb and Qb- Transformers T 4 and T 5 are volt-second de- 
vices which delay the turn on of the OFF transistor. This notch in the drive 
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Figure A-12 


Main Inverter Schematic 




waveform allows the ON transistor to turn off before the OFF transistor turns 
on; preventing both Q 5 and Qe from being on at the same time. Resistors R23 
and R24 are used to prevent the magnetizing current of the volt-second devices 
from turning on the output power transistors. 

Transformer Tg is a current feedback transformer which increases the base drive 
as the collector current increases. This allows efficient inverter operation 
over a wide variation of the load. Resistors R25 and R26 assist in turning 
off the power transistors. 

A short circuit on the inverter output will draw a maximum of 35 amperes, at 
zero volts, from the power source. Vlith drive circuitry capable of deriving 
power from the dc bus and current feedback in the output power stage, the in- 
verter can operate into an overload or short circuit. 

Since a failure in the oscillator or multivibrator sections could pull the bus 
out of regulation, a current limiter was placed in series with the dc bus line. 
On the schematic of Figure A-12, the limiter is composed of circuit elements 
CR-jg, R 28 S and Q 7 . Two input filters (Ll , l 2 , C7, and Cio) reduce the amount 
of ac ripple current that will appear on the dc buses. 

The main inverter weight is 5.0 pounds and occupies approximately 120 cubic 
inches. Measured efficiency as a function of output power is shown in Figure 
A-13, 


6.2 Sequenced Shunt Regulator 

The shunt regulator operates on a fail-safe philosophy which protects against 
faults that produce a continuous power drain and other faults that could reduce 
the required shunting capability of the regulator on the RTG's. 
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Figure A-13. Efficiency and Voltage Regulation 

A block diagram of the sequencing shunt regulator is shown in Figure A-14 and 
may be used in the following description of the regulators' operation. 


The three voltage error generators independently sample the regulated bus, 
compare this with their stable voltage reference and output the resultant 
error signal. It should be noted that the error generators sense points are 
randomly set within the small regulation band {29 VDC + 0.3 volts) of the shunt 
regulator. The linear operation region of each error generator inherently 
will not overlap the others. Therefore, one of the error generators will be 
near the low limit of operation (28.7 VDC) while another will be near the 
upper limit {29.3 VDC) and the third somewhere in between. 
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Figure A-14. Sequenced Shunt Regulator Block Diagram 
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In operations assuming the bus voltage is ^ 28,7 VDC, one error generator 
will always be full on, while a second will be operating in its linear region 
and a third generator will be off or it could have failed open or shorted - it 
doesn't matter, since only two of the three signals are required by the majority 
vote circuit. 

The majority vote circuit is three sets of two serial transistor "AND" gates, 
with a wired "OR" operation to perform the Boolean functions indicated in the 
block diagram of Figure A-14. It should be noted that each transistor "AND" 
gate, if selected according to the Boolean function, will have one of its two 
series transistors in saturation while the other will operate in its linear 
region. 

The majority vote stage provides an analog signal to the qual redundant power 
amplifier which by a simple diode sequencer stage, linearly turns on a series 
redundant transistor and associated in-line load redundant resistor. The 
number of load resistors that are switched in at any one time is totally 
dependent on the sensed line voltage and the resultant analog signal level 
from the power amplifier which causes the diodes in the sequencer to break down 
and conduct sequentially; thereby linearly operating one or more shunt transistor 
elements which effectively switches in one or more elements of the load bank. 

The load bank itself can be located external to the electronic package ring of 
the spacecraft to simplify the thermal design. 

Hie shunt regulator has been designed, tested, evaluated and integrated with 
an RT6. The shunt regulator is well within the design requirements of Table A-1. 
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TABLE A-1 

DESIGN REQUIREMENTS 


FUNCTION 


DESIGN VALUE 


DC Regulation 


29.0 +0.3 VDC 



20 millivolts peak-to-peak 


Power Dissipation Capability 


450 Watts 


Dynamic Impedance 


100 milliohms from 100 Hz 
to 50 KHz 


Transient Response 


Return to DC regulation within 
100 microseconds after termina- 
tion of a 100 watt step load 
(less than 1 microsecond load 
rise/fall time). 


Power Dissipation within the 
Electronics 


50 watts maximum 


Standby Power Loss 


2 watts maximum 


Operating Temperature 


-20“C to +75°C 


Transistor Power Dissipation 


15 watts maximum. {Allows 45°C 
Junction temperature above control 
plate with a thermal resistance 
of 30C/watt) 


Piece Part Selection 


From JPL approved parts List 


Mission Life 


3.5 years 
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The shunt resistor bank (or radiator) is estimated to weigh 6-5 pounds. The 
volume is not significant since It is mounted on an appendage to the spacecraft. 
The shunt regulator electronic equipment is estimated at 10.5 pounds and will 
occupy a volume of 338 cubic inches. 

Empirical data has indicated that the shunt regulator will have a dynamic 
output impedance of less than 0.1 ohm over a frequency range of zero to 
50 KHz and less than 0.3 ohms from 50 KHz to 1 MHz. The standby losses will be 
40Q milliwatts with a capability of handling 450 watts maximum. A Bode plot 
indicates positive gain out to 60 KHz with a phase margin of 20 degrees at 
this frequency. 

6.3 Three Phase, 400 Hertz Inverter 

The three phase 400 Hz inverter consists of four basic blocks as shown in 
Figure A-15. This package has a maximum weight of 3.4 lbs, requires a 
volume of 109 cubic inches, and has an efficiency Slightly above 855i at 27.2 Vrms 
operating into a 12 watt load with a minimum lagging power factor of 0.5. The 
400 Hertz output frequency stability is within jjD.Ol percent. 

The inverter provides a quasi -square-wave output voltage virtually free of 
any third harmonic content. The three-phase output voltage powers the 
gyro motors in the Attitude Control Subsystem. 

Output transistors in the three phase power amplifier drive each primary leg 

of the delta-connected output transformer. Each phase is driven by a push-pull 

» 

stage through a coupling transformer. The drive signal for each push-pull pair 
is obtained from a divide-by-six counter circuit. The power converter is 
synchronized by the spacecraft 2.4 KHz, 50 Vrms, square wave through a coupling 
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, 400 Hertz Inverter Block Diagram 
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transformer. This frequency is picked off to clock the ring counter, and is 
transformed, rectified, and filtered to +5 and +15 VDC for the ring counter-and 
the three phase driver circuit. The counter logic consists of three J-K flip- 
flops and two "NAND" gates. The 2.4 KHz is divided by six by the counter to 
provide the three-phase, time displaced, square-wave drive signals to the driver 
of the three phase generator. 

6.4 Battery Charge Discharge Electronics 

The battery charge circuitry provides the low level charging necessary to 
maintain the battery at full charge during inactive periods, and to provide 
recharge in the event of its use. 

The battery discharge regulator provides control over the battery discharge 
and boosts the voltage of the battery to the level of the regulated bus. 

A typical method of discharging a battery and providing that power to a higher 
voltage regulated bus would be the boost regulator. Although the component 
design is not completed, it is expected that the regulator will be required 
to boost about 200 watts. Its efficiency will be above 80 percent and its 
weight is estimated at 5 pounds, with a volume of 110 cubic inches. The 
output impedance is estimated at one ohm and the frequency response at 0.5 
to 1.0 milliseconds. A conceptual design using an autotransformer pulse width 
modulation is shown in Figure A-15. 

The battery charge circuitry will consist of a resistor for continuous 
trickle charge and a second resistor to provide a higher rate of charge via 
a conmandable relay. 
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Figure A-16 Boost Regulator Block Diagram 







6.5 Power Control 


The power control unit contains the main inverter failure detector and switch- 
ing circuitry for the 2.4KHz inverters, and the input/output telemetry funct- 
ions for 2.4KHZ inverters, 400 Hz, 30 inverter and DC distributed power. Here 
again, precise data is not available but it is expected that the component 
will weigh 7.0 pounds and require a volume of 110 cubic inches. 

6.6 Power Distribution 

The power distribution units contain the switches, drivers, and associated 
circuitry for commendable control of the spacecraft power distributed to the 
subsystems. It is expected that the total weight will be approximately 18 
pounds and the volume about 330 cubic inches. Precise circuit details are 
not presently available. 
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7.0 POWER SYSTEM PERFORMANCE CHARACTERISTICS 


7.1 Power Profile 

The power profile shown in Figure A-17 is based on maximum steady state 
load values. Transient loads are generally assumed to be supplied from the 
RTG power margin or from the small battery included for this purpose. 
Sequencing of loads is expected in order to prevent excessive source drains. 

For example, the science scan platform will be slewed by operating the momentum 
wheels by time multiplexing power pulses to the three axes in sequence. 

Representative science loads are expected to require approximately 67 watts 
at the instruments. Other spacecraft loads which must supply individual 
inverters with their inherent inefficiencies are also included in the total 
power profile of Figure A-17. 

7.2 Electromagnetic Compatibility 

The EMI requirement specified in Table A-1 for radiated noise in the 1 Hz 
to 40 MHz range is imposed to satisfy the requirements for the plasma wave 
and radio astronomy experiments. Conducted and radiated interference require- 
ments are specified for science instruments and may not be appropriate for 
inherited spacecraft subsystems. The cost of modification of the inherited 
hardware from an EMI standpoint toward the new equipment requirements will be 
traded off against the expected improvement. EMC testing of flight hardware 
will be limited to these two environments. 
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7.3 Radiation Effects 


For the MJS mission the Jovian radiation environment will influence flyby 
closest approach and electronic piece-part selection on the basis of radia- 
tion susceptibilities, Suoceptibility thresholds and radiation models have 
been selected. 
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1.0 INTRODUCTION 


The Application Technology Satellite F&G, better known as ATS, was designed, 
breadboard tested and evaluated by General Electric Space Division, Valley 
Forge in cooperation with NASA, Goddard Space Flight Center, Maryland, The 
prime spacecraft was manufactured and tested for flight by Fairchild Space 
Division, Maryland, and was successfully launched on 30 May 1974. 

2.0 SYSTEM OVERVIEW 

ATS F, the sixth in a continuing series of Applications Technology Satellites 
was launched on a Titan III C vehicle for insertion into a synchronous 
orbit at 95 degrees Uest longitude. The power subsystem will supply the 
spacecraft nominal power requirements for the prelaunch through acquisition 
phase of the mission in accordance with the power profile shown in Figure B-1. 
Transfer to internal power may occur as much as 4-1/2 hours before liftoff, 
allowing a normal 2-hour prelaunch countdown plus up to a 2-1/2-hour hold. 

During the launch phase of the mission, the solar array is folded into a box 
configuration around the equipment section of the spacecraft. At 289 seconds 
after liftoff, the shroud is jettisoned and the solar array is exposed in its 
folded configuration. The batteries support the spacecraft loads from transfer 
from ground power until after shroud separation when solar array output power 
is available to handle the load and for recharging the batteries. 

The standard Titan III-C toast mode, "Rotisserie" maneuver, is utilized to 
maintain a low-array temperature (See Figure B-2). The thermal time constant 
for the solar array is approximately 20 minutes and the Titan maneuver is such 
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that I't performs a 230 degree roll in 6 mlrsutes, with a 1 -minute dwell at each 
extreme position. In the toast mode with the sun vector normal to the roll 
axis, the maximum solar panel temperature will be about 95°F. Under these 
conditions, the average electrical power available is 250 watts. Power output 
will vary approximately as the cosine of the angle of incidence. Analyses of 
the launch and ascent trajectory indicate that the array will meet the load 
requirements and recharge the battery during transfer orbit injection. 

The mission life has a minimum of two years with a design goal of five years. 
During the mission, the vehicle will be repositioned to 57 degrees Vfest 
Longitude for air traffic control experiment on L-band,* broadbeam coverage 
from Shannon, Ireland to New York, 

Another repositioning event will be required for instructional television 
experiment (ITV) operation with India. Other on-board experiments are defined 
in Table 3-1 . 

Some of the mission objectives are to demonstrate feasibility of a 30-foot 
deployable spacecraft antenna with good radio frequency performance up to ten 
gega Hertz; to provide spacecraft fine pointing (0.1 degrees) and slewing 
(17.5 degrees in 30 minutes); to demonstrate capability of forming hi-gain 
steerable antenna beams; to demonstrate capability of providing radio frequency 
links from ground, to ATS-F, and to other low orbiting spacecraft and return. 
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3.0 VEHICLE CONFIGURATION 

The spacecraft launch weight is approximately 1957.5 pounds. This weight 
allows for an additional growth capacity of 25 percent. The power system 
weighs 396 pounds or about 20.2 percent of the launch weight. The power 
system weight is a summation of not only the electrical, but also the mechanical 
items necessary to its total srupport and operation. Briefly, these items are: 
the 160 square foot-fixed-solar array, including the solar cell modules, mounting 
panels, hinge tubes, booms and crossovers, deployment motors, and linkage. Other 
items included are the two 12 ampere hour storage batteries, electronics and 
power distribution components-, as well as 110 pounds of distribution harness. 

The entire spacecraft configuration from booster separation through array boom 
deployment and operation is shown in Figure b- 3. Power subsystem components 
are located just above the Earth Viewing module and in bays 7 and 8 as shown 
in Figure B-4. 
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4.0 POWER SYSTEM FUNCTIONAL DESCRIPTITN 


The pov/er subsystem provides direct energy transfer from the solar array to 
the load for maximum efficiency. Energy storage is provided to support peak 
load demand and eclipse operation. Experiment interface circuit provides on-off 
and over-load control, noise suppression and isolation from the bus. 

The power subsystem consists of two fixed solar array panels perpendicular to each 
other as shown in Figure B-3; two 19 cell batteries, a power regulation unit, 12 
shunt regulators, two power controllers and a separation controller. This con- 
figuration of source power and power processors is functionally shown in the block 
diagram of Figure B-5. 

Regulation is provided for three different modes. When the solar array output 
is sufficient to support the load, a direct transfer of energy to load occurs. 

As the load increases or the array output decreases, the batteries are used to 
support the load. When the load is less than the array capacity the batteries 
are recharged. If the array output exceeds both the load and battery charge 
regui •’•^ent, the excess is dissipated in the shunt regulators. A bus voltage 
sensin, .ircuit provides a reference to control the smooth transfer between modes. 

Overload protection, common experiment interface, and isolation are provided by 
power interface controllers. These are switches which sense excessive power 
demands and ramp off the malfunctioning experiment. Each interface controller 
is set to a current level appropriate to the experiment with which it interfaces. 
Command resetable circuit breakers are also included to provide overload protection 
for the power subsystem from malfunctions in the spacecraft subsystem. A time 
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delay is provided to avoid tripping on transients. The separation controller 
provides for redundant actuation paths for all subsystems requiring release and 
deployment. Protection against premature actuation is assured by interlocking 
events and requiring both an enable and actuation command. Overrides are 
available for the interlock functions and an AGE bypass is provided for use 
during system test. 

The power subsystem provides conversion of solar energy and regulation of the 
resultant power in two qualities, 29.5V + 2 percent, -3 percent to all space- 
craft subsystems and 28V +2 percent to all axperiment payloads. The solar 
array output varies between 612 and 395 watts initially decreasing to 565 and 
350 watts in two years. The batteries in shallow charge/discharge cycles 
provide an average power available to the load of 483 to 436 watts. Peak power 
capability of the subsystem as a function of time, season and load magnitude and 
duration is shown in Figures B-6 and B-7. 

Prelaunch and launch power requirements are supplied by two 12 ampere-hour 
batteries. Sufficient energy is stored to permit over four hours on internal 
power prior to launch and attainment o-^ synchronous altitude, with fully 
charged batteries to support the deployment loads. Recharging is done by 
using the power available from the folded array during the transfer orbit. The 
spacecraft load of 230 watt-hours is supported by the batteries during the yearly 
eclipse periods. The nominal ripple has been measured at 10 mv pp with a maximum 
of 80 mv pp when the batteries are supporting a high load. 
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Figure B-2. Payload Thermal Control Maneuver (Rotisserie) 
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Table 3-1 


Defined Experiments 


EXPERIMENT 

PURPOSE 

Data Relay (X and S-Bands) 

Long duration, real-time communication 
with low-altitude satell,*‘es (Nimbus, 
Apollo) 

PLACE (X and L-Bands) 

t 

Air traffic control 

Instructional TV (TRUST)(ITV) 

' (X-Band and 850 MHz) 

» 

Instructional TV distribution 

■ Radio Frequency Interference (RFI) 

Measure interference in COMSAT band 

Time and Frequency Dispersion 

Propagation experiment 

! Millimeter Wave 

1 

i 

: Measurement of atmospheric effects on 

, K~band communications links 

1 

1 

; Radio Beacon 

i 

j 

1 

; Measure ionospheric effects on radio 
' frequency transmissions 

i 

i' ■ 

1 Laser 

i 

i 

1 

; Checkout of S/C-to-ground and 
i S/C-to-S/C IR communication 
links 

Commandable Gravity Gradient 
i System (COGGS) 

1 

Demonstration of hybrid controls plus 
propulsion backup 

Spacecraft Attitude Maneuver! nq 
Optimal Control, and Self-Adaptive 
Precision Pointing Attitude Control 

1 

Optimum control for attitude maneuvers; 
self-adaptive attitude control 

High Resolution Camera 

Meteorological mapping to 
1 N. mile 

Radiometer 

IR and visible meteorological 
mapping to 5 N, miles 

Integrated Scientific Experiment 
Package 

^ B-7 

Measure magnetic fields, particle den- 
sities & radiation-induced solar cell 
' degradation 




SEPARATION 


ARRAY AND BOOM DEPLOYMENT 


OPERATIONAL CONFIGURATION 


Figure B_3; Snacecraft Configuration 



Figure B-4 Power Subsystem Structural Interfaces 
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Figure B-6. Peak Power Capability 



Figure tJ-7. Battery Deptli of Discliarge for 4-Hour 
Peakload' 
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Figure B-8. Power Regulation Unit Efficiency 



Figure B-9. Voltage Regulation 


The curves at left illustrate the performance of 
the power subsystem. The upper curve shows 
tlie maximum capability of the subsystem to 
support peak loads as a ft’.nction of the duration 
of the load. The differences between the equi- 
nox and solstice seasons of the year, as well as 
the beginning of life and two year design points, 
are also illustrated. Notice that :he peal _pace- 
craft load requirement (ITV experiment) which 
is drawn in at 420 Watts For four hours, lies well 
below the summer solstice condition at the two 
year design point. 


The second curve again illustrates the peak load 
capability of the subsystem except this time the 
least favorable time of day was chosen. This 
curve illustrates the battery depth of discharge 
as a function of user load power drain with a 
four hour duration. Again the ITV experiment 
load requirement is drawn in to illustrate the 
margins in the power subsystem capability. 


This curve illustrates the high degree of effi- 
ciency exhibited by the power subsystem elec- 
tronics. The data was obtained from the Phase C 
subsystem breadboard testing and includes an 
internal component temperature range of 40° F 
to 100°F, and array characteristic cxti ernes. 
Notice that the user load power region of 300 to 
600 Watts, where load sharing takes place during 
various times of the mission, benefits from the 
highest efficiency (over 96 percent). This results 
in a smaller solar array, fewer battery cells in 
series (smaller, lighter battery) and improved 
battery charge to discharge elTiciency. 

This curve illustrates t!ie bus voltage regulation 
charvictcristics where t!ie Power Regulation L'mt 
Was stressed by tcmperaliue extremes (40° F to 
100°F) and worst case solar array short circuit 
current and open cireuit voltage, lire curves 
were plotted from measiirei. data from the Phase 
C breadboard test program. 

Notice that the envelope of all voltage excur- 
sions lies Well insieio the ± two percent specifica- 
tion limits shown as dotted liorl/onta! lines. 
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5.0 POWER SOURCE EQUIPMENT DESCRIPTION 

5.1 Solar Array 

Tha prime electrical power source for the spacecraft is an array of photo- 
voltaic cells arranged to provide adequate power at the required voltage 
and current. The array must be able to provide housekeeping power, experi- 
ment power, and battery charging power for spacecraft operation during eclipse 
periods. The array is sized to provide adequate power at 2 year design point, 
so that size compensates for various degradation factors. Excess power is 
therefore available for use during the early part of the mission. 

Trade studies completed during earlier phases indicated that, although a motor 
driven sun-oriented solar oanel system would be lighter, fixed solar panels 
would result in less program cost and the array would be simpler and more 
reliable. 

The solar array must provide primary power to the spacecraft beginning no 
later than 90 minutes after launch, when the booster is placed into the 
"rotisserie mode'*, and continuing throughout the mission. 

There are two flat solar panel assemblies, located on the + and - pitch axes 
(north and south axes), with solar cells on both sides of each panel assembly. 
Each panel assembly consists of two panels, one fixed and one free (hinged). 

By selecting the north panel to be horizontal (earth-facing), and canting the 
boom downward over the reflector, the field-of-view requirements of both the 
EME experiment and the Polaris tracker are satisfied. Furthermore, the time 
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of maximum array output is located in the evening (7 to 11 p.m.}, which makes 
the greatest amount of power available for TTV during "prime time." 

The maximum power output is available from the solar array during the equinox 
seasons, when the sun is closest to the orbit plane and the spacecraft axes 
are most nearly perpendicular to the sun. During the solstice seasons, the 
array output is less because the minimum angle of incidence on the solar 
panels is 23.5 degrees. The array output is least of all at summer 
solstice, since the earth's aphelion nearly coincides with the time of least 
favorable solar incidence angles. Therefore, the worst-case design point Is 
selected to be at summer solstice. 

5.1.1 Solar Array Operation 

Solar energy is converted to electrical power by 33,408 cells (2X2 cm) inter- 
connected to form 12 strings of 72 cells in series. Each string has 8 or 10 
cells in parallel on each of the four sides of the solar platforms. Cells 
are Interconnected with silver mesh using a technique developed for 
controlling solder deposit thickness. The array has 144 square feet of solar 
cell area arranged on two platforms each consisting of two interchangeable 
panels with cells on both sides. The cells are N/P, 2 ohm-cm cells having an 
11 percent conversion efficiency, 6 mil microsheet with blue filters provide 
radiation shielding. Taps are provided at the 42 cell point in each string 
to permit shunting excess array power during cold array or light load 
operating conditions. 
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The predicted power output of the solar array after 2 years in orbit is shown 
in Figure B-10. The "plus" flat panel configuration causes the 6-hour repeating 
cycle of power peaks. The variation for only the equinox and summer solstice 
conditions are shovm. The winter solstice power output curve is similar and 
lies between the two curves given. When the solar array is new, the power 
output will be 10% greater than the values shown, which include the effect of 
radiation damage. 

The arrangement of solar cell modules is shown in Figure B-11 with a summary 
of parameters given below. 



Figure B-10. Solar Array Power Output 
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Figure B-11 Arrangement of Solar Cell Modules 
A summary of solar array parameters is given below; 


Series-connected cells; 

72 

Parallel cells, one side of panel: 

58 

Cells per side of panel: 

4,176 

Panels per vehicle: 

4 

Ce’' j per vehicle 

33,408 

Gross solar array area: 

163 ft^ 

2 

Net active cell area (3.8 cm /cell): 

136.6 ft' 
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5.2 Battery 


t 


The energy storage system consists of two 19 -cell hermetically sealed nickel - 
cadmium batteries of 12 ampere-hour capacity each. The type and size were 
selected on the basis of life and power requirements. The batteries are 
required to supply power to the spacecraft during the following phases: 

1. Pre launch 

2 . Pox^rered flight 

3. Deployment (BED and boom actuator) 

4. Peak power loads when the demand exceeds the solar array capability 

5. Eclipse 

The power requirements during the entire cycle including prelaunch, powered 
flight and transfer orbit, acquisition, and the orbital life of the space- 
craft are shown in the power profile (Figure B-12). The shaded portions 
indicate the power which must be supplied to the loads from the energy 
storage system. Using the measured efficiency (Figure B-19), the diode 
voltage drop, and a battery voltage of 23.5 volts, typical power which must 
be supplied by the batteries is shown in Table B-2. 

The battery voltage is set by the number of series cells which in turn 
is determined by the voltage available for charging the battery. In this 
power subsystem configuration, the battery is charged from the regulated 
solar array bus of 29.5 volts. Allowing a l~volt drop in the battery 
charge regulator and a maximum charge voltage of approximately 1.5 volts 
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per cell the battery is configured with 19 cells. On discharge the nominal voltage 
will be approximately 23.5 volts with a specified miHirauni of 21 volts, depending 
on the load, Tliis minimum is approaching the lower limit specified by the booster 
regulator. In summary, the voltage requirements for the batteries are a maximum 
of 2S.5 volts on charge and a minimum of 21 volts on discharge. 

Figure; B-12 Power Profile, Showing Battery Usage 


Power. Supplied to Loads 
From Energy Storage System 


l. liuLU 
ECLIPSE 


POSVEJi Fl.lGHT AND 
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Table B-2 Typical Battery Power Requirements 




Prelnunch 

Powered Flight 

DeplojTncnt 

Eclip.sc (iMax) 

Load Sliariug 
(T>i)ical) 

Load .Sharing 
(Typical I\];lx) 


Total 
Bus . 
(watts) 

Total 

Battery 

(watts) 

Total 

Battery 

(amps) 

Total 
Battery 
(watt-hr) ^ 

1 

Total Used..- 

Batter^^ 

jSnpacity 

(amp-hr) 

/C 

Depth of 
Discharge 

13. 5 

16 

0. 67 




55.5 

65 


32.5 

2.7 

11.2 

55. 5 

65 ' ^ 

2. 7 

97. 5 

4 

16. 7 

660 

690 

33 

23 

1.1 

4.G 

190 

224 

10 * 

268 

12 

.10 

420 

105 

4.3 

181 

7.3 

no 

420 

142 

6 

290 

12 

50 


















The power subsystem is configured to charge the battery at a constant 
current of 1.2 ampers (C/10 charge rate) from a 29.5 volt bus. The charge rate 
selection is based on the time available to recharge the batteries between 
discharge periods and on a safe continuous overcharge rate. Provision is 
made for backup charge mode and over-temperature cut-out. The battery 
charge regulator takes power from the regulated bus and supplies a constant 
current of 1.2 amperes at a maximum of 28.5 volts to the battery. As the 
battery voltage approaches 28.5 volts, the charge rate will taper. In 
summary, the battery is required to become charged and accept a continuous 
overcharge at 1.2 amperes at a maximum of 28.5 volts. 

Each battery, weighing 28 pounds and requiring 555 cubic inches is configured 
with 19 cells of 12 ampere-hour capacity and the number of cells is deteimined 
by the voltage of the solar array bus used ’o charge the battery. The cell 
size is selected on the basis of required power output and battery life. The 
most stringent power requirement is during eclipse which occurs at regular 
intervals over the 2-year orbital life. The capacity required from the 
battery during the maximum eclipse period is approximately 12 ampere hours. 

With two 12 ampere-hour batteries, this represents a depth of discharge of 
50 percent which is a safe level, considering degradation over the 2-year 
orbital period due to load sharing cycles and memory effects. 


The discharge currents associated with the loads and the expected electro- 
explosive device pulse loads are well within the capability of the nickel- 
cadmium system and will represent no voltage problem. The voltage variation 
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with a small load is shown in Figure B-13. For comparative purposes, the 
characteristics at a G and C/2 rate are shown. The voltage difference 
is less than 50 ndllivolts per cell for a 2 to 1 increase in current. 


The effect of temperature on voltage at a constant C/2 rate is shotm in 

Figure B-14. There is little variation in voltage except at high temperatures. 

The thermal design is configured to maintain the battery at a temperature of 
o ^ 

50 F to 80 F except for small periods when the temperature may exceed 
o 

80 and approach 90 F. This is associated with the over charge period 
when the battery thermal dissipation is greatest, Ko voltage problem is 
anticipated due to temperature variation. 




ft 20 -Id CD 80 mo 120 


PHRCEMT DISCHARGED 


Figure B-13. Discharge 
Characteristics (77° F) 


Figure B-14, Discharge Characteristics 
(C/2 Rate) 


During prelaunch the battery supplies all the power used by the spacecraft. 
The length of time the battery can supply the necessary power is dependent 
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on the spacecraft load requirement. Figure B-15 shows the hattery capability 
as a function of the poxvrer demand. This curve assumes approximately a 27-watt 
load during the ascent phase, sufficient array power to meet the load requirements 
no later than 60 minutes after launch, and a maximum depth of discharge of 
50 percent on the two batteries. 



TIME ON INTERNAI, POWER PRIOR 
TO LAUNCH (MINUTESl 


Figure B- 15. Prelaunch Power Capability 
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Much has been written in the literature on the charge acceptance or charge 
efficiency of the nickel -cadmium system. The discussion and figures presented 
in this section were derived from a report prepared under Contract No. NAS5-9193 
by the 6E Research and Development Center, Schenectady, New York. Charge 
acceptance is a complex function of the previous history of the electrode, 
the temperature, the rate of charge, the concentration of electrolyte, 
the concentration and kind of impurities present in the electrodes and 
electrolyte, and the state of charge of the electrode. 


6.1 Power Regulation Unit (PRU) 


There are several modes of operation o£ the power subsystem, boosted battery, 
regulated solar array voltage, solar array plus battery load sharing. In order 
to make sure that the proper mode of operation is achieved at all times, the 
operating conditions must he sensed, and logically derived decisions must be 
made to determine which regulator will operate. This is the task of the 
Power Regulation Unit. This particular design incorporates the three- 
mode regulation concept. 

The Power Regulation Unit maintains the vehicle electrical bus at a constant 
29.5 volts direct current plus or minus two per cent with a variation in 
power demand from a minimum specified load of 13.5 watts to a maximum capability 
of 1000 watts. In addition, the Power Regulation Unit optimizes the electrical 
power subsystem performance by selecting the solar array, the batteries, or a 
combination of the two as the source of this power. It also controls recharge 
of the batteries when required If excess electrical power is available at the 
solar array. When the load demand is satisfied and the batteries are being 
charged at their design maximum rate, excess solar array power is dissipated 
in active transistorized shunt regulators to maintain the vehicle electrical 
bus within regulation limits. 

To accomplish these functions, the Power Regulation Unit contains; 

1. Redundant voltage regulation control circuit to sample the 

vehicle «lectrical bus, compare it with a voltage reference, and 
select and actively control the operation of the array shunt 
regulator, the battery charge regulator, and the boost regulator. 
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2. Redundant shunt regulator controls to furnish base drive 
current to the twelve shunt regulator modules located 
throughout the vehicle. 

3. One battery charge regulator for each of the two nickel- 
cadmium batteries to furnish up to a C/10 constant current 
on demand of the battery when the solar array has available 
power in excess of that required by the load. 

4. Redundant boost regulation to draw current from the batteries 

at the varying battery discharge voltage level; and by time ratio 
controlled voltage transformation, supply this power to the 
vehicle bus at a regulated voltage level. 

5. A failure detector to monitor the vehicle electrical bus for 
an under-voltage or over-voltage condition, and switch from 
primary to stand-by units as required. 

All of the required sensing, logic, active control, and switching functions 

are located in one component to minimize the complexity of the electrical 

and mechanical interface, to eliminate any potential need to supply matched 

sets of equipment in t-jhich interaction exists, to simplify logistics, and to 

eliminate the possibility of noise injection on sensitive signal lines. 

The single component provides a central, low impedance, electrical tie 

point for all loads and also allows closer voltage regulation, less common 

mode noise, and separate electrical wiring to each subsystem and each 

experiment . 


The electronic equipment essential to electrical power subsystem performance 
is contained within the Power Regulation Unit, permitting subsystem testing at 
the component level and reducing the amount of test time in final assembly 
of the vehicle. Additionally, costs are reduced because of the necessity 
to develop, fabricate and test only one piece of equipment. The Power 
Regulation Unit is shown in the functional block diagram in Figure B-16. 

Each block of the Power Regulation Unit is functionally described in the 
following paragraphs; 
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6,1.1 PRU - Boost Regulator 
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The ^oost Regulator schematic is shown in Figure B-17, The Boost Regulator 
receives unregulated voltage and supplies regulated voltage to the user 
loads. 

Unregulated voltage is applied to the center tap of both the primary and 

secondary winding of the output transformer T3. Therefore in the absence 

of any changing current in the primary, the secondary voltage will equal 

the unregulated input voltage (minus losses in copper and output rectifiers). 

Independent of this circuit function, a 10 KHz square wave voltage is 

produced by the saturable transformer T5. This square wave voltage is 

integrated by capacitor C14 and resistors R95 or R96 , thus producing a 

constant amplitude triangular wave shape base drive into transistors Q39 

and Q40. These wave forms are 180 degrees out of phase with one another. 

The emitters of these two transistors are connected to the collector of 

transistor Q45 which is driven by the regulation control unit. The error 

signal from the regulation control unit determines the collector voltage 

cf Q45, thus determining the switching point of transistors Q39 and Q40. 

Thus, in this manner, the bias on the emitters of Q37 and Q38 is established 

at a level where the transistors turn on only when the triangular voltage 

has reached a sufficiently high voltage level (V ). Because the 

BE (SAT) 

level of the triangular waveform is a function of the time from the 

beginning of the triangle, this circuit produces an output signal of variable 

pulse tjidth. The actual width is a function of V of Q45 which is actually 

CE 

a function of the error signal. This signal is stepped do\jn in voltage 
by transformer i+ as a quasi square wave and used as base drive for the 
power transistors. The power transistors Q37 and Q38 amplify this quasi square wave, 
rectify it by <:R 59 and CR 60 and add to the existing input voltage to 
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provide a boosted regulated output voltage. The pulses produced are filtered 
by L9 and capacitors C27 through C31. The sum of unregulated input plus 
variable pulse width power constitute' s the regulated output voltage. A block 
diagram of the boost regulator is sho\m in Figure B-16. 





rkgulated 

IVIWF.R 


Figure B^18. Boost ReguUlor Block Diagram 


6,1.2 Boost Regulator Output Filter Capacitors 

Five 400 microfarad tantalum foil capacitors (C27 through G31 Figure B-17) 
used for filtering the output of the Power Regulation Unit. These capacitors 
are common to both redundant boost regulators for the following reasons: 
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1 . 


t’Jhenever a backup unit is turned on, the current through the 
relay contacts is just the load current of that particular 
unit at the time of switching. This eliminates any surge current 
to charge the capacitors if they ware just being switched on 
to the bus line. 

2. The capacitors maintain a constant bus voltage if there is a power 
interrupt of very short duration. 

The five 400 microfarad capacitors in parallel are individually in series 
with low impedance, low power resistors which provide a fusing effect should 
one of the capacitors fail short to ground. Also, any failure of one of the 
capacitors will not in any way provide an output ripple in excess of the 
specified amplitude, or degrade the stability of the Power Regulation Unit. 

6.1.3 PRU - Boost Regulator - Efficiency vs. Output Power 
The efficiency ranges from a minimum of 84% to a maximum of 957o. At the 
minimum load test point of 40 watts, the efficiency ranges from 84% to 88.5% 
over the full temperature and input range. At 250 watts, and the same 
environmental conditions, the efficiency ranges from 907o to 92,57>. The 
regulator was tested out to 440 watts with the efficiencies as indicated 
in Figure B-19. The general shape of the curves follows that of the 
typical regulator, i.e. , 

1, Low efficiency at ainimum load because of constant power losses. 

2, Maximum efficiency at the design point. 

3, Reduction in efficiency above the optimum load point because 
various parts are operating above their optimum point. 
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Figure B-19, Boost Regulator Efficiency versus Power 


This type or characteristic is the normal one for regulators because usually 
low weight and high efficiency are incompatible. Therefore, the system is 
usually designed for a specified efficiency at a load level at which it will 
operate for the maximum time. The designer is willing to accept a lower 
efficiency at extremely high loads because these loads occur for only a short 
period of time, thus optimizing the t^reight/ef f iciency trade off, 

6,1.4 PRU - Battery Charge Regulator 

The schematic diagram of the Battery Charge Regulator is sho™ in Figure B-20. 
There exists one Battery Charge Regulator for each battery and this is backed up 
with a resistor. 
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Fi^'.uv, B-20, Batterj' Char<^e Regulator Schematic 


The regulation control unit introduces an error voltage to the battery charge 

regulator. If the line voltage is high enough the battery charge regulator 

is "enabled on" by lowering the potential of transistors Q5 and Ql, Transistor 

Ql thus increases the base drive potential of Q7 providing charge current into 

the battery. As the array voltage tries to increase further, the battery 

current increases until a 1.2 ampere (G/10) level is reached. At 1.2 amperes, 

resistor R41 develops the voltage V required to turn on transistor Q2. 

BE 

This limits the charge current by raising the voltage at the base of transistor 
Q5, thus turning it off. 
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The diode, CR49 , is used to protect the transistors from a reverse voltage 
in case the hus voltage goes below the battery voltage during a failure or 
a transient. The block diagram for the battery charge regulator is shown 
in Figure B-21, 


FROM 

SOLAR 

ARRAY 



TO LOAD 


TO LOAD 


Figure B—21. Block Diagram of Battery Charge Regulator 


6.1.5 PRU - Shunt Regulator Control 

The Shunt Regulator Control schematic is shown in Figure B-22. As the solar 
array voltage attempts to rise above that permitting the maximum battery 
charge rate, C/10, additional current is drawn from the lower half array 
in the shunt transistors. In order to operate the transistors at a lower 
voltage, and therefore a lower power point, only a part of the arrav ts shunted. 
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3. SHUNT REGULATOR CONTROL 



Figure B-22. Sctiematic of Shunt Regulator Control 


The tap point on the solar array i selected considering the post-eclipse 
maximum case. This minimum temperature case will result in the highest 
array voltage characteristics, and the tap point must be selected so that the 
open circuit voltage on the unshunted portion of the array does not exceed 
the desired output voltage. A tap point 42 cells from the return bus in the 
series string was chosen, resulting in a calculated array section voltage 
of 27 V during the post-eclipse tnaximum. This yields a shunt voltage of 
2,5 V allowing some margin for errors in estimating temperature. 


The regulation control unit introduces an error control voltage to the shunt 
regulator control, thus biasing transistors Q43 and Q44. As the regulated 
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bus voltage increases the bias to those transistors also increases thus 
increasing the voltage at the resistors R1 through R12, and providing more 
drive to the shunts and drawing more current from the array. The result is 
that the main bus voltage is lowered into regulation. 

6.1.6 PRU - Regulation Control Unit 

The schematic sho™ in Figure B-23 is that of the Regulation Control Unit. 
The output voltage is sensed by the regulation control unit and compared to 
a reference- An error voltage is produced that is proportional to the 
difference in actual output voltage and desired output voltage. 


i HEC.i I-ATIOW C O NTBOL I'SIf 



Figure B-23. Regulator Control Unit Schematic 
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The regulation control unit biases either the boost regulator when the bus 
voltage is low or the battery charge regulator when the boost regulator is, off. 
There is wore than adequate power available for the loads and the shunt 
regulator control when there is an excess power available and the batteries 
are being charged at a C/10 rate. 

At a very low array voltage, xjhen additional power is required, transistor 
Q46 turns on providing a bias to the boost regulator. In this condition 
the transistors Q47A and Q47B are off. The zener diodes GR67 through CR69 
are used as a reference for the regulation control unit. As the bus voltage 
rises, transistor Q46 turns off and transistor Q47B turns on next, thus 
biasing the battexy charge regulator. 

Because transistor Q46 is used to turn on the boost regulator when the main 
bus voltage is low, a PNP transistor was used, and because transistor 047A 
is used to turn on the battery charge regulator when the main bus voltage is 
high an WEN transistor was used. This combination of transistors aids in 
preventing both the boost regulator and the battery charge regulator being 
turned on simultaneously by their difference in bias polarity with the 
emitters being tied to the same zener reference GR67 through GR69, 

’t'Jhen the battery charger is satisfied and the regulated bus voltage rises 
even further, transistor Q47A turns on thus providing bias voltage to the 
shunt regulator control. The transition through the three modes of operation 
has been demonstrated to be extremely smooth. (The only noticeable difference 
on the regulated bus voltage is a larger ripple when the boost regulator is 
in operation, compared to the other two modes of operation.) Diodes CR65 and 
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CR6<5 are used as a negative temperature compensation to improve the regulation 
with temperature. An additional function performed by the regulation control 
unit is current limiting of the boost regulator. 

The curcuit shorn in Figure B-24 senses the output current of the boost 
regulator. If the current exceeds 15 amperes (at 450 watts from the boost 
regulator) the voltage across resistor E.18 exceeds the breakdotra voltage 
of the aener diode CR70, thus turning on transistor Q48. This will turn 
transistor Q45 off thus raising its collector voltage. Because the turning 
on of the boost regulator and the pulse width control depends on the 
collector voltage of Q45, the higher the voltage the more "off time" there 
is of the boost regulator. With Q45 off the boost regulator turns off. 

6.1.7 PRU - Failure. Petector and Low Voltage Cutoff 

The circuit shoivn in Figure B-25 senses the bus voltage for an over/under 
voltage condition. At over voltage, this device regulates at 4 27o, at low 
voltage (-107>) it disconnects the nonessential loads. 

1, Failure Detector . The failure detector monitors the bus voltage for 
over-voltage and under-voltage conditions. If the regulated bus voltage 
exceeds +2%, the output of A2 (referenced to the zener diode CR74) becomes 
low (A1 and A2 normally high). This turns off transistor Q29 which was 
charging capacitor C24 (providing a time delay to make sure that this 
condition does not occur during transients) until the zener breakdown voltage 
of CR75 is exceeded. This turns on transistors Q28A, Q20, Q28B and Q27 , 
providing a current path through Kl, K2, K3 and k 4 relay coils thus switching 
to the backup components consisting of the boost regulator, shunt control, 
and regulation control unit. It also disconnects the two battery charge 
regulators and connects the trickle charge resistors R35 and R36. 
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Figure B-25. Failure 
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The same thing occurs when the bus voltage goes below except that now 

Ai becomes low. In order to determine the location of the fault, ground 
command can put each individual circuit back on the line until the improper 
load is identified. Override capability is included to bypass the failure 
detector by ground command. 

2. Low Voltage Cutoff (LVCO) . The low voltage cutoff disconnects the non- 
essential loads when the bus voltage goes below -10%. If an overload occurs 
such that the regulated bus voltage exceeds the -10%. limit (referenced to 
the zener diode CR76), the output ot A3 becomes low thus turning transistor 
Q35A off charging capacitor C26 (providing a time delay for transient rejection) 
until the zener breakdown voltage of CR77 is exceeded. This turns on transistors 
Q35B and Q32, energized K8 relay coil, and disconnects the nonessential loads. 
Ground command can override the low voltage cutoff by either resetting relay RS 
(automatically opening relay K9) or closing relay K9 which is an override for 
the low voltage cutoff and a backup path for the nonessential loads. Figure 
B-26 shows the LVCO block diagram. 



Figure B-26. Low Voltage Cutoff Block Diagram 
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6.1.8 PRU " Batt&ry Over Temperature Control 

The battery over temperature control circuit limits the battery temperature 
due to continuous overcharging by the charge regulator at the C/ 10 rate . 

The schematic .of the battery over temperature control is shown in Figure B-27 

RSCUtATED BUS VOLTAGE 



TO nEGULATlON CONTROL 


Figure B-27. Battery Over Temperature Control Schematxc 


As the battery temperature reaches 100 F, the voltage at the base of the 
transistor Q50 increases to a point where the transistor saturates. 


As Q50 turns on. transistors Q49A and Q49B saturate. Transistor Q49B back 
biases transistor Q5 in the battery charge regulator j thus turning off 
transistors 01 and Q7 (thus turning the battery charge regulator off). 






Transistor Q49A closes the loop in the circuit and keeps the battery temperature 
control circuit turned on; that is, it keeps the battery charge regulator 
turned off even if the battery temperature returns to below 100°F. 

Ground command can override the battery over temperature control circuit by 

switching relay K4 into the trickle charge resistor R35. This will disconnect 

the battery charge regulator and deactivate the battery over temperature control 

circuit. If the battery charge regulator needs to be turned back on, relay 

K4 can be switched back to the battery charge regulator position and the 

battery over temperature control circuit will remain off (thus charging the 

o 

battery) until the battery temperature reaches 100 F again. 

The on and off switching of relay K4 in order to disconnect and then reconnect 
the battery charge regulator would not normally be done since the battery 
temperature of 100°F is an abnormal condition. The battery over temperature 
control circuit is only a safety device to protect the battery from over 
temperature until ground can react to the problem. This circuit would 
normally be turned off, 

6,1.9 PRU - Current Monitors 

The seven current monitors used in the Power Regulation Unit were designed 
using the ac excited, direct current transformer method. The basic concept 
of the design is illustrated in Figure B-28. This current -to-voltage 
transducer consists of two coils stacked such that their flux polarities are 
Opposing. The power lines (Be) whose current is being sensed provides 
current which is designed to saturate both cores. 
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For the posxtive half-cycle of the square wave excitation, the gate winding 

of one core produces ampere turns to drive its core further into saturation. 

The other gate produces ampere turns to take its core out of saturation. 

Because the gate turns are large with respect to the one turn passing through 

the center, and the resistance R is properly sized, the law of equal ampere 

L 

turns applies. Therefore, for each half cycle, Ncic = Ngl. Therefore, 

I is a function of the sensed current and the proper selection of R yields 
L L 

the required scaling for interfacing with the remote multiplexers of the 

telemetry system. 


CORE 1 


CORE 2 




SENSED 

CUHRENT 


SQUARE 

WAVE 

OSCILLATOR 


N I = L 
c c G L 





■ TO TEIEMETRY 


I = AVERAGE VALUE OF RECTIFIED LOAD CURRENT 
L 

Figure B-28. Current Monitor Basic Concept Diagram 
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These devices provide 3% accuracy over a temperature range of 23 to 13 1 F as 
verified on over 100 space flight proven units. The major advantage of this 
technique is the complete isolation of the power line from the sensing circuit. 
Any failure in any of these current monitors can in no way jeopardize the 
power line. 

6.1.10 PRU - Command and Telemetry Interfaces 

Command and Telemetry for the Power Regulation Unit is shoxm in Tables B-3 and 
B-4. 


6.1.11 PRU - Parameters 

The Power Regulation Unit requires a volume of 1100 cubic inches and weighs 
approximately 25 pounds. The worse case minimum efficiency is 85.6 percent i 
best case maximum efficiency is 99.8 percent, based on nominal spacecraft 
conditions. An efficiency curve versus output power is show in Figure B-8. 

A summary of breadboard data shows the source impedance to reach a minimum 
of 5 milliohms at 100 Hz. A maximum impedance of 300 milliohms will be 
reached at 300 Hz which is the resonant frequency of the Boost Regulator 
output filter. This value is reached only when the Boost Regulator is 
operating. The loads requiring a source impedance of 100 milliohms are connected 
to PIC's or ECB's (i-e. Power Interface Controllers or Electronic Circuit 
Breakers) which are located in the power controllers. 

Voltage regulation between the extremes of minimum input voltage, maximum 

output current, and maximum input voltage, minimum output current, for a 

o 

temperature variation of 60 F, is better than +1.5 percent. A voltage 
regulation curve versus user load power is sho™ in Figure B-9, 
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Table B-3. PRU Comniands 

I 


No. 

Name 

Function 

1 

Boost &. Control 1 Select 

Connects Boost & Control 1, disconnects 
Boost £; Control 2, disconnects failure 
detector 

2 

• Boost & Control 2 Select 

Connects Boost & Control 2, disconnects 
Boost & Control 

3 

Failure Detector ON 

Coimects failure detector 

4 

Battery 1 OFF 

Disconnects Battery 3 from charge/ 
discharge circuits 

5 

“ Battery 2 OFF 

Disconnects Battery 2 from charge/ 
discharge circuits 

G 

Batteries ON 

Coiuiects both batteries to charge/ 
discharge circuits 

7 

Battery Charge Regulator 1 ON 

Connects Battery 1 charge regulator and 
disconnects resistor 

S 

Battery Charge Regulator 2 ON 

Connects Battery 2 charge regulator and 
disconnects resistor 

9 

Battery Charge Regulators Bypass 

Disconnects both battery charge regulators 
and connects resistors 

10 

Low Voltage Cutoff Reset 

Reconnects loads to bus which were 
discomiected by low voltage cutoff, and 
enables subsequent cutoff 

11 

Low Voltage Cutoff Override 

Disconnected by LVCO, disables LVCO 

12 

LVCO Loads OFF 

Disconnects loads which can be removed by 
LVCO until subsequent Reset or Override 
Command 

13 

Battery Over Temperature 1 OFF 

Turns OFF the battery over Temperature 1. 

14 

Batterj' Over Temperature 2 OFF 

Turns OFF the battery over Temperature 2. 


i } 
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Table B-4. PRU Telemetry Interface 


J] 


No. 

Name 

I'ype 

Description 

1 

Battery 1 Voltage 

A 

Battery 1 voltage 

2 

Battery 2 Voltage 

A 

Battery 2 voltage 

3 

Battery 1 Current 

A 

Battery 1 charge/discharge curx'ent 

4 

Battery 2 Current 

A 

Battery 2 charge/discharge current 

5 

Battery 1 Status 

D 

Battery 1 connected/disconnected 
to charge/discharge circuits 

6 

Battery 2 Status 

D 

Battery 2 connected/disconnected 
Lo charge/discharge circuits 

7 

Battei’v Charger 1 Status 

D 

Battery 1 BCR/ resistor charge 
mode 

8 

Battery Charger 2 Status 

D 

BatteiT 2 BCR/ resistor charge 
mode 

9 

Boost and Control Status 

D 

Boost and Control 1/boost and 
control 2 ON 

10 

Regulated Bus Voltage 

A 

Regulated bus voltage 

11 

Total Regulated Power Load Current 

A 

Total power subsystem output 
current 

12 

Solar Array Output Current 

A 

Total solar array output current 

13 

Total Shunt Current 

A 

Total shunt current 

U 

Nonessential Loads Bus Status 

D 

None s sent ial load bus ON/OFF 

15 

LVCO Status 

D 

LVCO Overridden/ Not Overridden 

16 

Failure Detector Status 

D 

Failure Detector ON/OFF 

17 

Battery 1 Temperature 

A 

Battery^ 1 temperature 

18 

Battery 2 Temperature 

A 

Battery 2 temperature 

19 

PRU Temperature 1 

A 

PRU Internal temperature 

20 

PRU Tomperatu„e 2 

A 

PRU Internal temperature 
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6.2 Shunt Regulator 

The shunt regulator maintains the main bus voltage constant during the time 
that the solar array provides all of the spacecraft power. Output voltage 
is sensed and when it tends to change from its present value an error signal 
is provided. This error signal controls conduction of the shunt transistors 
which in turn draw current from a portion of the solar array and thereby 
dissipate the excess power. Tlie additional current dram represents a 
voltage drop; this voltage drop keeps the main bus voltage within th^^. 
specification limits (29.5V + 2%). 

The shunt consists of a Darlington amplifier in parallel with a portion of 
each solar array string. All of the Darlington amplifier inputs are 
controlled by the error signal generated in the power regulation unit. 

The physical position of the transistors is such that the mounting surfaces 
are kept close to an isothermal temperature. 

The maximum voltage appearing across the Darlington amplifier is 15 volts. 

The maximum power is 20 watts at 10 volts, on a per-shunt element basis. 

There are 12 shunt elements in the spacecraft. Each shunt weighs approximately 
0.5 pounds and consumes a volume of 9.4 cubic inches. 
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6,3 Power Controllers 


Two Power Controllers will be required to distribute bus power to the various 
electronic components mthin each subsystem. Individual Power Interface 
Controllers (PIC) located within each Power Controller will supply individually 
regulated power, +28vdc + 1% to each of the experiments. Individual Electronic 
Circuit Breakers (ECB) located within Power Controller No. 1 will supply 
bus power to each vended electronic component in the Control Subsystem. 

The required redundant on and off commands from the Remote Command Dedoders 

will he accepted by each PIC or ECB to apply power to nonessential loads. 

A telemetry signal will be supplied by each PIC and ECB to indicate when 

power is being applied. The digital type signal, +5.0 volts in the on' 

^ / 

condition and 0.0 volts in the off condition will be routed to the Telemetry 
Subsystem. 

Povjer Controller No. 1 weighs 7 pounds and requires a volume of 403 cubic 
inches. Power Controller No. 2 has a weight of 6 pounds and a volume of 
200 cubic inches. 

6.4 Electrical Perfoirniance PIC and ECB 

Protection of the power source from damage due to malfunction in any load 
is provided by either an electronic circuit breaker or a power interface 
circuit. It provides for turn-on and turn-off by command. These circuits 
provide an automatic cutoff for a current overload which is resettable by 
ground command. Turn-on and turn-off rate of current change is limited 
to minimize conducted interference. It also provides filtering of each 
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individual load. In addition, the power interface controller also provides 
a + 17o regulated line to experiment loads. The operation of the two circuits 
is discussed below. 

The Power Interface Controller (PIC) and Electronic Circuit Breaker (ECB) 
circuits will he identical except for current Loads and the regulation 
requirement of 28 vdc + the PIC. Each ECB and PIC will ramp-on or-off 

by coEnmand at a peak rate of 100,000 amperes per second or less. Each circuit 
will ramp-off due to a current overload with a delay of approximately one 
second (See Figure B-29) . 

The load requirements will be standardized into various groupings to limit 
the number of different individual circuits and thereby increase x'eliability . 

This will allow for changes in power requirements during the design cycle by 
selecting the proper internal components when the final design power requirements 
are established. 
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The PIC is an electronic circuit breaker with series regulation. This is 
accomplished by controlling the base current for other than tum-on, turn-off 
conditions, by an error signal. This error signal is generated by the 
differential amplifier, Q6, Q5 , R15, the voltage sense resistors, E.16, R17 , 

and the reference zener diodes, GR9 , CRIO, and CRll. Additional regulation 
and noise immunity is thereby provided for those loads requiring it. 



Figure B-30. PIC Schematic 




The design limit for the output impedance of the PIC is O.L ohms over the 
frequency range of dc to 15 kilohertz. This requirement is easily satisfied 
using the circuit defined by the schematic of Figure B-30. The output 
impedance will remain below 0.1 ohms over a wide frequency range because 
of the nature of the active, high gain voltage regulator. For any real 
value of load current, the output terminal voltage is sensed with a resistor 
sampling network (R16 and E.17), and compared with a zener reference voltage. 
The error signal developed is a function of the difference between the 
actual output terminal voltage and 28 volts established by the zener diode 
string (GR9, CRIO, CRll) . This error signal is then amplified and used to 
control the effective resistance of the pass transistor (Q4) . When the 
load current changes, the voltage drop across the pass transistor is adjusted 
by the high gain feedback loop in order to maintain the output voltage 
constant. The output impedance is defined as the change in output voltage 
for a change in output current and therefore becomes the open loop 
impedance divided by the gain of the error amplifier which includes the pass 
element and all drive stages. The error amplifier open loop gain is 
sufficiently high to maintain the impedance to a level well below the 
specified 0.1 ohms. In order to ensure stable circuit operation, sufficient 
phase and gain margins are provided by rolling off the error amplifier 
response at the proper frequency. Low source impedance is maintained above 
the roll-off frequency by shunting the output terminals of the PIC with a 

capacitor. The capacitor, by exhibiting a decreasing impedance with an 
increasing frequency, maintains the PIC source impedance below the 
specified level. 
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6,6 Separation Controller 


The application of power to actuation devices to accomplish the backup 
separation and deployment functions is controlled by ground command via 
the separation controller. Separate redundant firing circuits are 
provided for each function. Each function is interlocked to the completion 
of the previous function. Both enable and actuate commands are required. 
Command override is provided for all interlock functions. An AGE inter- 
face is provided to permit test sequencing of the separation and deployment 
functions. In addition to the initial deployment reference j the controller 
also contains the actuation circuits associated with COGGS and the enabling 
of the back-up cold gas attitude control thruster. 


The separation controller connects the electro-explosive devices (EED) and 
actuators to the battery- This is controlled by command, sequence inter- 
locks, and internal logic. The component contains arm/disarm switches for 
EED safety. It also provides event status telemetry and an AGE test 
interface for final EED circuit tests. The separation controller functional 
block diagram is shoxm in Figure B-31 and the arm/disarm scheme in Figure B-32, 

The separation controller has a net weight of 8 pounds and consumes a 
volume of 269 cubic inches. 
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Figure b- 31. Separation Controller 
Functional Block Diagram 


Figure B-32. Arm/Disarm Scheme 







7.0 POWER SYSTEtl PERFOEI-IANCE CHARACTERISTICS 


7. 1 Benefits of Central Power Regulation 

Beneficial side effects are available when a regulated bus system is selected 

over the distributed regulation system. The first is lower source impedance 

¥ 

over the full range of array current. The unregulated solar array has a voltage 
change with current demand of approximately 1/2 volt per ampere, or an 
impedance of 0,5 ohms. The battery will have a lower inherent resistance 
than the solar array, but it too will shoxj a decreasing voltage with 
increasing load current. In the shunt boost system, when the shunt regulator 
is operating in parallel with the solar array, the load can change over the 
full range of array current capability of approximately 18 amperes. The 
boost regulator will provide a characteristic impedance less than half that 
of the battery, and the bus will remain at 29.5 volts 4; TL or less than 
1/2 volt per 18 amperes. This is a 10 to 1 improvement in source impedance 
when the loads are drawn from the solar array, and a 2 to 1 improvement over 
the battery, 

A second advantage of a regulated bus system is constant voltage operation 
for all loads. Electronic piece part failure rates are a function of 
operating voltage, and typically increase with increasing applied voltage 
expressed as a percent of rated value. A piece part will operate more 
reliably at constant voltage than it will over a voltage range, provided 
that the part is applied at the same percent of rated voltage in both 
systems. An additional advantage of constant voltage is that devices such 
as solenoids and relays can be applied more easily. A common problem is 
assuring that the solenoid device will operate at a minimum voltage and 



still be capable of dissipating power applied at the maximum voltage, since 
the dissipation increases with the square of the applied voltage. When a 
part is selected for minimum voltage and the voltage varies, the excess 
voltage causes wasted power, thermal degradation, and an increase in 
failure rates . 

The third advantage is a weight and power saving outside the pother subsystem. 
There is a saving in secondary power conditioning equipment since these 
devices will require less drive capability when they are designed to operate 
at constant voltage than if they are designed to operate over a range of 
input voltage. Savings occur from the power difference and the weight of 
heat sinks and thermal conductive paths. 

An overall view of the vehicle electrical system indicates that significant 
advantages will accrue from selection of a regulated bus voltage approach. 

A single-point voltage is sufficient for analysis and test, rather than a 
continuous range. More reliable performance and fewer system test 
constraints are required for such devices as power converters, solenoids, 
relays, and heaters. The experiments, iiThen turned on, will operate at a 
constant thermal condition. Power conditioning circuits with a constant 
input voltage are simplified in that they operate with increased efficiency 
and with a lower total weight than those designed to accept a wide range of 
input voltage. 
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7.2 Trade Studies 


Trade studies were performed to make a selection among three alternate 
photovoltaic/hattery power subsystems as indicated in the first column of 
Table B-5 . 

The studies considered weight, power capability, reliability, efficiency 
and ease of implementation. The results of the studies (Table B-S) 
indicated the selection of shunt -boost approached as the best to meet 
ATS F & G mission requirements. Additional details are available in GE 
proposal (SD proposal H-21630) for Applications Technology Satellite 
F & G, Phase D, Book 1, Technical Volume IE, Power, Date 17 Sept. 1969. 

TABLE B-5. Subsystem Peformance Matrix 


Alternative 

Average Power 
Available at 2 Year 
Design Point (Watts) 

Reliability 
Figure of Merit 

Shunt-boost 

410 

0.9668 

Shunt-series 

410 + 1% * 

0.9635 

Distributed Regulation 

385 

0.9658 

* Detailed analysis not performed. Performance estimate based on 
known component efficiencies, in comparison to shunt- boost approach. 
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1.0 INTRODUCTION 


Unless there is an unexpected breakthrough in the technology of exotic energy 
sources or dense energy storage devices, the electromechanical process will 
continue to be used for aircraft electronic power generation in the future, and 
in the space shuttle during the atmospheric transition. 

Present aircraft use the constant speed, constant frequency system, in which a 
gearbox is installed with each engine. A drive shaft and a power disconnect 
coupling connect the gearbox to the engine power takeoff pad. The gearbox pro- 
vides mounting pads for installation of an air turbi'ae for engine start, a 
generator or a generator constant speed drive combination for the electrical 
system, one or two hydraulic pumps for the hydraulic system, and an air com- 
pressor for the pneumatic system. The gearbox usually incorporates a cooling 
system that includes a gear-driven air blower and an oil-to-air heat exchanger 
for cooling the gearbox and the accessories. 



2.0 ALTERNATE GENERATING SYSTEMS 


Various configurations have been developed to accommodate the conflicting 
requirements of variable engine speed and a constant frequency electrical 
system. 

In the variable speed constant frequency system, the alternator operates 
at a relatively high and variable frequency. The alternator feeds as elect- 
ronic cycloconverter that converts the high variable frequency to a low and 
constant frequency. 

A second method is to use a DC link, either by a static rectifier and elect- 
ronic inverter, or by a motor and generator set of rotating equipment. A 
modification of the conventional motor and generator set with its slip-rings 
and brushes is the line commutated rotating inverter that uses solid state 
commutation. 

A third system uses a mechanical differential interposed between the variable 
speed engine pad and the constant speed alternator. An induction machine, run- 
ning from the main AC line, adds or subtracts the engine speed in the differ- 
ential drive to maintain a constant output speed to the alternator. 

A wild frequency system controls the voltage but does not modify the alternator 
frequency. Frequency sensitive equipment is supplied with a rectifier and 
inverter. 

Additional data is reported in "Study of Aircraft Electrical Power Systems," 
NASA CR-120939, June, 1972. 
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3.0 DC to DC CONVERTERS 

AC power is converted to low voltage DC power by a circuit consisting 
of a step-down transformer, a rectifier, and a filter. When more than a 
fractional kilowatt of d-c power is required from an a-c source, a multiple- 
phase rectifier circuit is used typical of those shown on Table C-1. As 
the lowest harmonic frequency on the output ripple is increased, the 
rectifier conduction interval is decreased and the harmonic current content 
in the transformer secondary windings increases without an increase in d-c 
output power. This increases the required transformer rating, where the 
utilisation factor (U.F.) of the transformer is defined as the ratio of 
the amount of d-c power delivered to the volt-amperes of transformer 
secondary rating required. 

The total secondary volt amperes are mV/ ^ 2 times the rms current, 
or 

volt-amperes = m ^ V fl~ ' 

2 R V 2f C2.+ sin 6 + cosg ) 

and the d-c power delivered is 

Pd-c = ^ Csin &/ e 
R 

where 3 = *S/m and m is the lowest harmonic frequency from Table C-1. 

The utilization factor for an m-phase rectifier transformer is 

U.F, = Pd„c ^ 2 sin^ g 

volt-amperes ; — ' 

3"/nC^ + sin & + cos B ) 

Values of the utilization factor have been determined and tabulated 
in Table C-2 for useful rectifier circuits. The maximum value occurs 
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TABLE C-1 CHAMCTERISTICS OF THFAL flECTIFIEKS WITH INFINITE INDUCTANCE CHOKE-INPUT FILTERS 


Tabulated .Data based 
on Zero Rectj^fier and 
Transformer Resistance 
and Zero Transformer. 
Leakage Inductance 


,CC load Curi'eni , I^.c 
Roctiffor flveragE Curront 

RoCtiHeo K1S Current 


Secondary rSffl Current 

Pea» HectlUcr to Load Current Ratio 


Secondary VA Rating 
PricBry RMS Hating 
primary VA Rating 


Total VA Rating 


DC lead Voltage, V^.c 
Output Voltage, Vd-c 


DC Output Ratts 


Rectifier Peak inverse Voltage 


Ripple Factor, m 


Peak to Peak Ripple Voltage 
PS’S Voltage, Lowest Harmonic 


Rns Voltage. Second Lowest Itannonfc 


R.TSS Voltage, Third Lowest Harmonic 


SINGLE-PHASE 
FULL-WAVE 
SINGLE WAY 


IaXaJ 

fTl 


1.00 


0.300 I 


tj-c 


o.;o7 I, 


d-c 


0*707 T 


d-c 


1*00 


V. 


’d-c d-q 


Id-e 


i.n V. 


d-t d-c 


2.«a d. 


i.oa 


0,9 V, 


,1 Vn 


2f 


L.S7 V, 


d-e 


0 -' 7 l 


0.0944 V 


d-c 


.0.040$ V 


d-c 


SINGLE-PHASE TWO-PHASE 


FULL-WAVE 

BRIDGE 


r FULL-WAVE 
STAS 



L.OO 


O.SOO L 


d-c 


0.707 I, 


d-c 


^d-e 

1.00 


1*11 1 .,-. V, 


‘d-c d-c 


V«, 


ITHREE-PHASE 
STAS 
SINGLE WAY 



l.GC 


0.250 I, 


d-c 


O.SOO I 


d-c 


'‘d-c 


0.500 
l.DQ 

I.S 7 I.... V., 


'■d-c *d-c 


1,11 V 


d-c d-c 


2-22 Id-cV 


■d-c* d-e 


1.00 


O.J V, 


1-57 Vi_ 


2f 


J-^S^Vc_ 

0.4’1 V„.^ 


0.0944 V 


d“C 


0*0403 V 


d-c 


1 * 13 . I„_*. V 


d-c d“f 


2.60 


1.00 


1.27 


2.23 


(C 


0.326 V, 


d-c 


0.:;;'. v. 


'd-e 


0.0224 V 


d-e 


0.0099 V 


d-e 


jTHREE-PHASE 
BEIDGE 




X 




1.00 


0.577 I 


d-c 


0.S7T I. 


d-c 


r.oo 


l.AB V, 


d-e d-e 


0.577 


Vi 


/Vt 


l.AB I. . V. 


'd-c d-c 


2.96 Ve V,j. 


1.00 


1.17 V, 


2.09 


3i 


0.604 V. 


d-e 


0.177 


0.041 V 


d-c 


O.OIB V. 
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Table c-2 


TEAHSFOEMER SECONDARY DTILIZATION FOR MJLTIPLE-PHASE RECTIFIERS 


NUMBER OF PHASES 

UTILIZATION FACTOR 

2 

0.448 

3 

0,520 

4 

0.484 

6 

0.392 

8 

0.323 

12 

0.237 

16 

0.187 

24 

0.131 




at m = 3, which implies that the most economic conduction angle from a 
transfomer utilization standpoint is 120*^. 

A simple three-phase half-wave rectifier circuit is shown in Figure 
C-1 where the load resistance R is connected between thv= diode common 



cathode and the transformer secondary neutral. The rectified output 
voltage waveform > • ..no,..'’ in Figure C-2 with the most positive anode diode 
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Figure C-2 Three-Phase Half-Wave Rectifier Voltage Waveform 

conducting for 120° of each cycle. The anode current of a diode can be 
written as 


i = V cos (lit “ “n/3 <(ijt <“[l/3 

R 

The total load current is the sum of the three diode currents displaced 
in time, or 

^i/3 


^d-c 


21 


-1/3 


V cos 0 ) t 
R 


Q.827 V 


d C to t) = R 


and the d-c output voltage and the transformer secondary voltage to produce 
it may be obtained from 


Vd-c = la = 0.827 V = 1.17 

d c d-c rms 


the rms current is 



and the percent ripple is 
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Ripple = 100% 


-1 


17% 


I 
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These relationships hold for ideal transformers and rectifiers. 

In an actual transformer, the voltage drop associated with the d-c 
current flow and the transformer winding resistance results in a d-c 
component that causes the operating B-H loop to move toward saturation. 

For this reason, the simple three-phase half-wave rectifier circuit is 
seldom used. 

The advantage of 120° conduction on transformer economy and a lowest 
harmonic ripple frequency of six times the a-c source make the three-phase 
full-wave (bridge) circuit of Figure c-3 of great practical value. Voltage 
waveforms are shown on Figure c-4 where the dotted lines are the 


A 



Figure C-3 Three-Phase Full-Wave (Bridge) Rectifier Circuit 



Figure c-4 Three-Phase Full-Wave Rectifier Voltage Waveforms 
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three phase a-c voltages at the transformer secondary with respect to 
neutral, the solid line envelope at the top represents the cammon cathode, 
and the solid line envelope at the bottom represents the common anode. Each 
diode conducts for 120"^, and current flows alternately in both directions 
in each transformer secondary. The peak to peak voltage appears across the 
load resistance as six-phase ripple with respect to the negative terminal 
as shown in Figure C-5. 



Figure C-5 Three-Phase Full-Wave Rectified Voltage Waveform 


The load current flows thru two transformer secondary windings and 
two diodes at any instant, making it unattractive for low-voltage high-current 
output poxirer . 

The circuit of Figure C-6 utilizes a double wye secondary with 
windings in opposition on each core leg. An interphase transformer is 



Three-Phase Douhle-wye with Interphase Rectifier Circuit 
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Figure C-6 
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connected between the two, forcing conduction in both wye circuits at all 
times. This configuration provides 120° conduction, double-way transformer 
current to eliminate d-c saturation, one rectifier and winding in series 
with load current flow, and six phase output ripple. Voltage waveforms 
are shown in Figure C—7 where the dotted lines are the two three-phase 



; . a-c voltages at the transformer secondary terminals ■(d.th respect to 

neutral, the light solid lines show the two common cathodes, and the heavy 
solid line the voltage that appears across the load resistance. It can be 
seen that the potential across the interphase transformer changes three 
times per cycle of the a-c source. A small third harmonic current is 
. . necessary to excite the interphase transformer, and when the load current 

; ; falls belox-/ a critical value, the circuit reverts to operation as a six- 

i 

\ • 

phase star, the interphase transformer behaves as a short circuit, and the 

[ i output voltage rises by about 10% as shoxra on Table C-1. 
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T.O INTRODUCTION 


The 30 Day BfosatelVite was designed, manufactured, tested, and launched 
by the General Electric Company, for and in cooperation with NASA, Ames 
Research Center, California, 

The spacecraft was launched successfully from Cape Kennedy on June 29, 1969 
carrying a live, instrumented primate. Its mission was to determine the 
effects of prolonged weightlessness on the cardiovascular and central 
nervous system, and to study metabolism and behavior. 

Mission objectives and significant system design parameters which affect the 
power processing system were considered and are reviewed here briefly. 
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2.0 SYSTEM OVERVIEW 

The primary spacecraft rec.nrement was to maintain a near-zero gravity con- 

4 -5 

dltlon not to exceed 1x10“^ gravity units and to maintain less than 1 x 10 

gravity units for 95 percent of the orbital mission time. 

Shirt-sleeve conditions were maintained In the experiment capsule throughout 
the mission. Temperature variation within the primate static envelope was 
limited to 68 to 81°F and relative humidity was maintained between 42 percent 
and 56 percent. The two gas standard atmosphere system supplied a laboratory 
environment for the primate. The capsule total pressure was maintained 
between 13.2 and 16,2 pounds per square inch absolute, with partial oxygen 
pressures of 135 to 165 millimeters of mercury. Toxic gas levels such as 
carbon dioxide concentrates were maintained in the range of 0.2 to 7.6 milli- 
meters of mercury. Food pellets and fuel cell by-product water were accurately 
measured, telemetered, and dispensed to the primate under the control of the 
psychomotor programmer. Primate waste products were removed, measured, 
analyzed, and stored during the orbit; and accumulated data was transmitted 
in real time. 

The primate's light level was maintained between 6 and 20 foot candles 
during the day, and the night level occurred as programmed at a light in- 
tensity less than 1/30 of the day. Photography was maintained under these 
light conditions in both single frame and cine-modes. 
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The combined fuel cell and orbital battery provided prime spacecraft power. A 
20 percent margin above the mission power demand was demonstrated, and this 
exceeded the 6 percent margin requirement. The fuel cell operated for a 
total period of 38 days. 

Management of nitrogen, hydrogen and oxygen expendables for fuel cell opera- 
tion and environmental control was maintained over the 30 day flight with 
sufficient margin of quantity. 

Recovery of the capsule was accomplished via helicopter pickup following a 
water impact. 

This overview indicates a high quantity of electromechanical devices such as 
pumps, motors, and solenoids; as well as sophisticated switching logic were 
required for spacecraft operation. The interaction of the pulse power require- 
ments of the electromagnetic equipment with the low noise threshold 
solid state devices provides an opportunity to evaluate the power processing 
equipment designed to make these two classes of equipment electrically 
compatible. 
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3.0 VEHICLE CONFIGURATION 


A second area of interest to the power processing system description is the 
vehicle configuration and its launch, orbital and recovery sequences which 
affected packaging density and weight. 

The orbiting vehicle shown in Figure D-1 consists of the mated adapter, the 
satellite re'-entry vehicle, and the recovery capsule as shown in Figure D-2. 

The airborne subsystems are distributed between these three basic vehicle 
sections on the basis of equipment use in the mission. 

The adapter houses those functions required during orbit but not needed for 
the deorbit sequence or required to be recovered. At the end of the orbital 
phase, the vehicle aligns itself for the deorbit phase and the adapter is 
separated from the satellite re-entry vehicle and remains in orbit. Only the 
satellite re-entry vehicle begins a controlled re-entry. 

The satellite re-entry vehicle consists of the re-entry vehicle and the thrust 
cone. The re-entry vehicle consists of a forebody, a recovery capsule, and 
an aft thermal cover. 

After adapter separation, a retro-rocket is fired under controller conditions 
and re-entry into the atmosphere begins. When the deorbit mechanism has 
completed its function, the thrust cone is separated from the re-entry vehicle. 
The re-entry vehicle continues its ballistic trajectory protected by the ablative 
forebody. The forebody is jettisoned when the re-entry vehicle enters an 
atmosphere sufficient to support parachute operation. The Electrical Power and 
Distribution System is divided across the three basic vehicle sections as 
indicated in the block diagram of Figure D-3. 
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4,0 POWER SYSTEM FUNCTIONAL DESCRIPTION 


^'1 Primary Power 

Primary power was supplied by a hydrogen-oxygen, tonic membrane, solid electro- 
lyte fuel cell, with a back-up orbital battery. The fuel cell v/as activated 
on the launch pad prior to transfer to internal power, and supplied power 
from the time of transfer during prelaunch until separation of the reentry 
vehicle and the adapter during reentry. The fuel cell and its cryogenically 
stored fuels were located in the adapter. The fuel cell also provided water 
for the primate, 

A primary, silver-zinc, manually activated, electro-chemical battery was 
provided to supplement the fuel cell by carrying transient and short-time 
loads, and, in addition, was capable of carrying the entire electrical 
system for approximately 18 orbits in the event of a fuel cell failure. 

The electrical system could have been transferred from the fuel cell to the 
orbital battery either automatically or by real time command. Nominal 
capacity of the battery was 345 ampere hours at 27 volts DC. power for the 
separation subsystem was provided by the orbital battery, 

4*2 Reentry Power 

During reentry, primary power for the experiment, life support, reentry 
telemetry, and data recording was supplied by two paralleled primary, silver- 
zinc, electro-chemical batteries from a time after the spacecraft had been 
oriented for retrofire, during reentry, and until landing. Power could have 
continued to be supplied for the experiment and for life support for six 
hours after landing. These batteries were located in the reentry vehicle 
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and had a combined nominal capacity of 16 ampere hours at 27 volts DC. Diode 
isolation was provided in any power distribution circuits common to the 
orbital power source. Battery power was applied to the bus by activation of 
an explosive switch assembly. 

4.3 Deorbit Power 

Primary power for the deorbit subsystem; including reentry vehicle spin-up, 
retrorocket firing, vehicle despin, and separation of the thrust cone from 
the reentry vehicle; was supplied by two redundant, special, high-duty 
batteries located in the thrust cone. These batteries were activated by a 
voltage applied to pyrotechnic initiators within the batteries. 

4.4 power Control and Distribution 

In general, power control was centralized in power controllers which respond, 
to commands from the command subsystem, signals from the programmer timer, 
internal timers, or hardwire commands on-pad. As appropriate, the controllers 
contained auxiliary functions such as diagnostic signal conditioning and 
circuit protection. 

The buses were designed for each system voltage to distribute power as 
required by components, to provide for switching as required by commands and 
the mission event sequence, to comply with voltage regulation requirements, 
to permit assembly and disassembly of the major parts of the vehicle, and to 
permit testing as required by the various subsystems and experiments. 


5.0 POWER SOURCE EQUIPMENT DESCRIPTION 


5.1 Fuel Cell 

The fuel cell module corisists of a 32-cell stack mounted Inside a fabricated 
titanium container. The 32 cells comprising the stack are mechanically loaded 
between end plates and electrically connected in series. Details of the internal 
fuel cell assembly are shown in Figure D**4. 



Figure D-4. Fuel Cell Stack Assembly 
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The 32 cell stack ts mounted in a 14 inch diameter cylinder apprdximateTy 
17 inches long requiring a volume of 238 cubic inches with a gross weight of 
35 pounds . 

The stack was designed to deliver a terminal voltage of 31 to 23 VDC with an 
output of 113 to 187 watts for the 30 day mission. The fuel cell efficiency 
is typically 2.1 times the stack voltage, or 65 to 48% efficient. 

the internal impedance of the stack is shown in the equivalent circuit of 
Figure D-5, where = 0.21 ohms and represents the polarization effect at 
fuel cell start-up and R 2 is the ohmic effect which varies with current demand 
and fuel cell life. For a new fuel cell R£ = 0.17 ohms and will approach 0.7 
ohms as the 1000 hour design life is reached. The value of C = 1.09 farads 
and is fixed. 


* yV\/W— O 



* C 

Figure D-5. Fuel Cell Equivalent Circuit 


The current and voltage characteristics of the hydrogen-oxygen, ionic membrane, 
solid electrolyte fuel cell are shown in Figure D-6. 
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TPve fuel cell module incorporates four operating systems: nydrogen; oxygen; 

product water; and coolant as shown in Figure D-7, 

Interfacing and operation of the fuel cell is defined in a simplified block 
diagram of Figure D-8. 



Figure D-6. Typical Fuel Cell 
Operating Characteristics 
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Figure D-7. Fuel Cell Interfaces 
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Hydrogen gas is used as the fuel and oxygen gas is the oxidizing agent. In 
the fuel cell, the hydrogen -oxygen gases are reacted in the presence of a 
catalyst and produce electrical energy and product water. Waste heat is 
removed from the fuel cell stack by coolant fluid which is pumped across the 
cells continuously through small diameter tubes. After passing across the 
stack, the coolant fluid is cooled by the spacecraft heat exchanger. 

Thermal dissipation of the fuel cell in BTU/hr may be derived from equation: 

q = 3.413 X P ( - 1 ) 

V 

= 3.413 X I (47.5 -V) 

where I is current drawn by the load and V is the terminal voltage of 
the fuel cell . 

Reactant consumption by the fuel cell may be derived from the following 
equations: 

Og rate in Ibs/hr = 2.653 x 10“^ (I) 

plus purging 0 0,275 Ib/hr for 12 sec /6 hr 

H 2 rate in Ibs/hr = 21,216 x 10“^ (I) 

plus purging ? 0.437 Ib/hr for 120 sec /6 hr 

Water generation may be derived from the following equation 
HgO rate in Ibs/hr- 23.86 x 10"^ (I) 
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Th 0 ratio of total fuel in pounds consumed (the sum of Hg and Og not including 
purge] to the electrical energy in kilowatt hours generated is a useful relation- 
ship. It is a function of fuel cell characteristics, electrical load level 
and electrical load mix. It is of the order of 0.88 pounds per kilowatt hour 
and can vary 2 to 3% over the range in interest. 

5.2 Orbital Battery 

The silver-zinc, manually activated, electro-chemical battery has a 345 ampere 
hour capacity over a sixty day activated stand. The 124 pound, 18 cell battery 
is housed in a cast magnesium case. A 17 cell tap is provided in order to 
meet the maximum voltage requirement of 31 VDC without preloading. The 18th 
cell is commanded on during orbit mode when the bus is^-near 28 VDC. 


The actual flight battery curve for voltage over orbit time is shown in 
Figure D-9. 
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Figure D-9. Orbttal Battery Performance Characteristic 
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5 . 3 Fuel Cell ControU sr 


A fuel cell controller provides s1:x basic functions as follows; 

1. Oxygen and hydrogen purging for several seconds every six hours.' 

2. Current sharing with the orbital battery to hold the fuel cell bus 
at 23 VDC. 

3. Full orbital battery power to the fuel cell bus should the fuel cell 
fall below 20 VDC. 

4. Switch"On capability of the orbital battery's 18th cell. 

5. Orbital battery/fuel cell current monitor. 

6. Orbital battery ampere-hour monitoring and store last reading in 
event of power drop out. 

A fuel cell controller counts the ten minute tir.;inq pulses. When the total 
input pulses reach 36 (6 hours) a purge is initiated. This purge consists of 
activating the oxygen solenoid for 120 +10 seconds and during the last 12 + 1 
seconds activating the hydrogen solenoid. 

A purge can be initiated by real time command. A real time command can 
initiate an oxygen solenoid actuation for 108 +5 seconds or a hydrogen purge 
for 12 +1 second. Telemetry is generated to indicate: 

Cl) Energization of hydrogen solenoid 
[2) Energization of oxygen solenoid 
C3) Completion of a purge cycle. 

Facilities exist for AGE to: 

Cl) Hold the counter to stop responding to the 10 minute timing pulses. 
C2) Accelerate the time by sending fast pulses Into the fuel cell 
controller. Cit is anticipated that the maximum pulse rate will 
be ten pulses per second.) 
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Circuits are provided as a back-up to the fuel cell to current share loads 
in order to hold the fuel cell bus at 23 volts. If this should fail, the 
orbital battery will be switched directly to the fuel cell bus if the bus 
voltage falls below 20 volts. Diode coupling is incorporated to prevent 
reverse current flow into either the fuel cell or the orbital battery, 
as shown on Figure D-10, 

The fuel cell bus assist regulator is a series regulator circuit using the 
bus from the power controller as a source to maintain the fuel cell bus 
at 23 volts or more. If the fuel cell voltage decreases under load, the 
regulator will current share with the fuel cell to maintain the bus at 23 
volts. The regulator circuit uses a differential comparator circuit with a 
temperature compensated zener for a voltage standard. The circuit is 
capable of maintaining 23.3 j^.3 volts from 0 to 10 amperes output with an 
input voltage of 26.5 to 31 volts. 

An automatic regu''ator bypass circuit is provided which will switch the 
orbital battery directly to the fuel cell bus upon command or if the fuel 
cell bus drops to 20 volts or below for approximately 100 milliseconds. The 
switching element is a two pole, double throw, motor driven switch with make- 
before-break, 15 ampere contacts. The sensing element is a differential 
comparator circuit similar to the one used in the regulator. It drives dual 
unijunction firing circuits which activate a relay to drive the switch. The 
unijunction circuit was chosen to reduce the susceptibility to transients 
and two firing circuits are used for redundancy. Either circuit will actuate 
the relay. When the switch bypasses the regulator, the supply to the 
regulator and the automatic switching circuit is removed to conserve power. 
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Fiqure D-10, Fuel Cell Bus Back-up Circuitry 



The orbital battery has two output connections to this component, one at 
17 cells and one at 18 cells. A switching circuit is provided to transfer 
to either the 17 cell or 18 cell tap of the battery- A "Command Arm" command 
is required to enable the 17/18 cell sv/itching commands and the regulator 
bypass and reset commands. This arming function is automatically reset by 
a telemetry "Off" pulse from the power controller each time telemetry is 
switched off. 

5.4 Bus Current Telemetry 

The component monitors 0-10 amperes on the fuel cell bus and the orbital 
battery bus, using differential comparator circuits. The telemetry output is 
0-5 volts with an accuracy of +1% or 15 millivolts, whichever is greater. The 
input can be 14 amperes continuous or 30 ampere, 50 millisecond pulses without 
degradation to the circuit. 

5.5 Battery Ampere-Hour Telemetry 

The component is capable of monitoring ampere-hours with inputs from 0-10 
amperes. The output is from 0 -5 volts in 32 steps. The logic stores the 
last output step in the event of voltage dropout. 

The ampere-hour telemetry has an inherent threshold of not more than 50 
mtlliamperes. 

The ampere-hour circuitry is shown in the block diagram of Figure D-11. 

The xlO amplifier senses the voltage across a resistor and develops a voltage 
across an emitter resistor of the integrating current source. If this voltage 
exceeds a pre-determined value (equivalent to 50 milliamperes of current) the 
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Figure D-11. Ampere-Hour Circuitry 











low level threshold enables the tntegrattng capacttor allowing It to charge 
at a rate proportional to the Input current. The circuitry at this point has 
converted the orbital battery current-time Integral to a voltage appearing 
across the Integrating capacitor. The circuit parameters have been adjusted 
such that when this voltage reaches a value equivalent to 1 ampere-second the 
high level threshold detector triggers and generates a pulse which turns on a 

reset transistor and discharges the capacitor to its initial state through 
a current limiting resistor. Simultaneously, the pulse enters one count in 

the increasing chain. When 3600 discrete counts have been completed, one 
count is entered into the storage counter whose output is monitored through 
a digital to analog ladder by the vehicle telemetry. Each discrete telemetry 
step is equivalent to one ampere-hour of orbital battery energy. When a 
total of 32 ampere-hours have been accumulated, the counter resets and 
starts a new series of counts. 

It should be noted that the xlO amplifier is fed back from the emitter 
resistor of the integrating current source to close the sensing loop. The 
current source is initially biased up by a stable reference source to insure 
that the integrating transistor is out of the low-current non-linear operating 
range. Its base is clamped to the input 10 ampere current level to enable 
the metering to continue, although at a reduced rate, to indicate an 
excessive current drain on this telemetry channel due to possible system 
failure modes. Therefore, pulse currents in excess of 10 amperes are 
reduced to 10 amperes automatically by this section. 
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5.6 Deorbit Batteries 


The deorbit battery is a fuse-salt electrolyte battery. Two deorbit batteries 
are connected in parallel, with either battery capable of carrying the entire 
load during spin, retrofire, despin and separation, at a voltage of 32 +5 VDC, 
The batteries supply a continuous current of 1 ampere with three pulse loads 
of 12 amperes for a minimum of 0.5 occonds and a 35 ampere pulse for about 
40 milliseconds. All events are completed in approximately 20 seconds. 

5.7 Capsule Heater Battery/Reentry Battery 

These two batteries share the capsule electrical load 400 seconds prior to 
separation of the satellite recovery vehicle from the orbiting adapter until 
6 hours after water impact. Since the capsule heater battery has one more 
cell, and thus higher terminal voltage than the reentry battery, it will 
discharge first. Both batteries have silver-zinc couples. The reentry 
battery has an 11 ampere-hour capacity and the capsule heater battery is 
rated 5 ampere-hours. Note that certain capsule loads, such as the 
reentry vehicle inverter power supply, are supplied by the fuel cell during 
the orbital phase and by the reentry batteries at T-400 seconds (T = time 
of adapter separation). 

5.8 Recovery Battery 

A recovery power source consists of two parallel batteries to power the 
recovery subsystem by initiating the parachute cover ejection and supplying 
power to the recovery beacon for 12 hours after satellite recovery vehicle 
separation. 
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6.0 POVIER PROCESSING EOUIPMENT 


6.1 Reentry Vehicle Inverter Power Supply 

The reentry vehicle inverter power supply was designed to convert the prime 
26 volt or the secondary 28 volt direct current into 400 Hertz AC and six 
other regulated DC voltages as shown in Table D-1 and D-2. 

The regulated AC and DC voltages are supplied from the time of on pad check- 
out to the end of mission. 

The inverter was designed to handle both the 21 and 30 day missions. The 
3 day mission required less than 50% of the 21/30 day regulated power and 
therefore it was separately designed and housed. 

For comparative purposes, the 3 day inverter was designed for a maximum 
input power of 20 watts at 31 VDC with its output fully loaded at 12,0 watts 
maximum. This would indicated an efficiency of 60%. The 3 day inverter also 
required a volume of 40 cubic inches (4x5x2 inches) and had a maximum 
weight of 3.8 pounds. 

The 21/30 day inverter was designed to accept the wide input voltage range 
of 21 to 31 VDC with a maximum input of 44 watts when fully loaded at 28 
watts. This would indicate an efficiency of 64%. The 30 day inverter 
consumed a volume of 108 cubic inches (6x6x3 inches) and had a maximum 
weight of 5.3 pounds. 


D-23 



Table D-1 


Reentry Vehicle Inverter DC Outputs 


■iia 


REGULATION 
ALL CAUSES* 

RIPPLE 

OUTPUT 



MAX. 

PK-PK 

IMPEDANCE 

-5.0 

.003, (.015) 

.025, (0.13) 

+0.3% 

0.2% 

Less than 






1 ohm, DC 

-2,5 

.020, (.05) 

.100, (0.25) 

+10% 

2.0% 

to 150 KHz 

+4.25 

.250, (1.06) 

.500, (2.12) 

+6% 



+5.0 

.045, (.225) 

.420, (0,6) 

+l%,-.5% 



+8.0 

.410, C3.3) 

.510, (4.0) 

+15% 

0.5% 


10.0 

1 — 

.001, (0.01) 

i .020, (0.2) 
( 

i 

+0.3% 

0.1% 



*steady state regulation: Total excursion due to load, 

temperature and input voltage variations. 


NOTE: All values apply to a temperature range 40°F to 105°F. 


Table 0-2 

Reentry Vehicle Inverter AC Outputs 


OUTPUT 

SQUARE WAVE 

n 

LOAD 

REGULATION 

OUTPUT 

VOLTAGE 

FREQUENCY 

MIN 

MAX 

ALL CAUSES* 

IMPEDANCE 

26 VAC 


0.26W 

0.26W 

+5% 

Less than 10% 

115 VAC 

1 

i 

400 Hz 

lOVA 

20.7 VA 

+3% 

of Load 
Impedance 


*Steady state regulation includes excursion due to load, 
temperature and voltage Input variation. 
















The Reentry Vehicle Inverter has three basic sections which are best described 
with the use of Figure D-12. 


The first section is a series pre-regulator, with Pulse Width Modulation 
control operating into a LC integrator which feeds two post regulators. 

The DC post regulator is driven by a 10 KHz Jensen oscillator, povjer amplified, 
transformer isolated, rectified and filtered to supply six, operational 
amplifier type - series regulators feeding the spacecraft loads. Each series 
output regulator is current limited to protect against a continuous short. 

The AC post regulator is driven by a common 400 Hz Flip-Flop which drives a 
push-pull power amplifier stage that is operating into an isolation trans- 
former to supply the spacecraft load with 400 Hz square wave, at 115 VAC and 
26 VAC. Overload protection is provided by sensing the current at the power 
amplifier and driving a one-shot to remove the Flip-Flop drive for one milli- 
second, then allowing recovery of power; again sensing and removing the power 
if the overload remains. 

Voltage regulation is maintained by sensing the current in the return leg 
of the AC post regulator output transformer and perfonning a current to voltage 
transformation followed by rectification and filtering. This voltage signal 
is then summed with a second voltage signal that is sensed at the input of 
tie DC post regulator. 
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Figure D-12, 


Reentry Vehicle Inverter Block Diagram 















The summed signal is then compared with a temperature compensated, zener 
reference voltage. The resultant error signal is amplified and used to 
modulate a simple constant current, RC relaxation oscillator, operating at a 
basic frequency of 20 KHz. The net output of the oscillator is a pulse width 
modulated signal which is then amplified and buffered to modulate the base- 
emitter junction of the series pass transistor within the pre-regulator. 

Telemetry voltage monitors (0 to 5V, voltage dividers) are provided at the 
output of each DC series regulator. The fuel cell bus input to the Inverter 
is zenered to 5V for telemetry. The 115 VAC is monitored via a step-down 
transformer followed by full wave rectification. This DC signal then drives 
an operational amplifier, with feedback, generating a zero to five volt level 
for the telemetry subsystem. 

EMI effects were reduced by a compartment packaging concept at module and 
board levels. Extensive use of EMI feed-thru filters provided board inter- 
connections between compartments. Additional protection was provided by the 
use of RF gaskets at the housing/cover interfaces. The design approach of 
isolation transformers provided the signal to power ground isolation. 


6.2 Adapter Inverter Power Supply 

The Adapter Inverter Power Supply was designed to convert the 26 volt DC into 
400 cycle AC and eight other regulated DC voltages as shown in Table D-3 and 
D-4. 

The regulated AC and DC voltages are supplied from the time of on pad checkout 
until satellite recovery vehicle separation. 

It should be noted that this inverter was designed to handle several Bio- 
satellite missions; 3 day, 21 day and the 30 day. Table D- 5 shows the maximum 
expected wattage dissipation for each Inverter output and for each mission as 
compared to the maximum design value. 

The inverter was designed to except the wide range of 21 to 31 VDC. The input 
power dissipation was limited to 220 watts with the unit fully loaded by any 
mission power profile. 

The maximum design load configuration was limited to 139 watts for any one 

mission. The internal inverter losses may be calculated with the use of 

Table D-6 and by Inserting assumed loads on each voltage line, but not exceeding 

the design load of 139 watts. For example, if nominal loads are extracted 

from Table D-5 {30 day mission) and calculated based on Table D-6, then 

the inverter losses would approach 26 watts with an external load of approximately 

56 Watts. This would indicate an efficiency of near 705 d. 
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Table 0-3 

Adapter Inverter DC Outputs 


OUTPUT 

— 1 

l 

- — ' 1 — ' ■ " — ■ ■ ' ^ 

REGULATION 

RIPPLE 

OUTPUT 

VOLTS DC 

MIN. 

MAX. 

ALL CAUSES (*) 

PK-PK{**) 

IMPEDANCE 

00 

CM 

1 

0.0, (0.0) 

0.18, (5.0) 

+2 , -1 

2 % 

Less than 
1 ohm, DC 
to 150 KHz 



+10 

0.0, (0.0) 

1.0, (10) 

+ 2 , -n 

2 % 


-10 

0.0, (0.0) 

0.5, (5.0) 

+2, -n 

2 % 


+ 6 

o 

o 

o 

o 

?.17. (13) 

+3, - 0 % 

2 % 


+ 5 

0,0, (0.0) 

0.15, (0.75) 

+1, -0.5% 

2 % 


-6 

0.0, (0.0) 

1.5, (9,0) 

+ 2 , -n 

2% 


+28 i 

0.5, (14) : 

2.2, (61.6) 

+2, -1 

2 % 


+31 

j 

0.226, (7) . 

1 

0.97 (30) 

+ 2 % 

10% 

Less than 
2 ohms DC 
to 20 KC. 

* Steady state regulation: Total excursion due to load, temperature and 

input voltage variations 

* 




** Switching 

transients shall be less than 1.5V peak-to-peak at double 

the chopping rate. 

1 




1 


Table D-4 

Adapter Inverter AC Outputs 


LOAD 


TOTAL HARMONIC 


. 'jOLTAGE FREQUENCY 

MiN." ■■ 

MAX'. 



26 VRMS 400 cps +2% 

o.ow 

low 0.9 P.F. 

+ 2 % 

Less than 5% 

1 115 VRMS j 400 cps + 2 % 

o.ow 

low 0.9 P.F. 

+2% 

Less than 5% 


* Steady State Regulation includes total excursion due to load, temperature 
and input voltage variations 
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Table D-5 

Adapter Inverter CoJtibined Loads 


MISSION RAYS 


WKS/M 

- ■■ 

Bo 1 


0.1 

0.1 

0.1 

-4,4 

4,4 

0.1 

4 

1 

1 

10 

0.1 

0.2 

0.2 

0.5 

0.8 

0.1 

3 

0.1 

7.2 

12 

0.1 

0.1 

0.2 

0,2 

0.2 

0.1 

3.6 

0.1 

1 

8.2 

18 

22 

25 

53 

60 

7 

26 

24 

8 

30 

None 

None 

None 

8 

8 

5 

1 None 

None 


None 


*Total combinf'^ loads shaTl noc exceed 139 watts for any lono configuration 

U.l(‘ 



Table D-6 

Adapter Inverter Losses 


OUTPUT 
VOLTS DC 

CONSTANT TERM 
WAns 

VARIABLE TERM 
COEFFICIENT TIMES 
LOAD WATTS 

-28 

0.70 

+.056 (load) 

+10 

0.80 

+.248 (load) 

-10 

0,35 

+.150 (load) 

+ 6 

0.60 

+.470 (load) 

+ 5 

0.80 

+.600 (load) 

- 6 

0.40 

+.415 (load) 

+28 

3.00 

+.069 (load) 

+31 

4.80 

+.082 (load) 

115 VAC 

4.80 

+.480 (load) 

TOTAL 

16.25 



TOTAL LOSS = 16.25 WATTS + VARIABLE TERMS 
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The low efficiency might be caused by the tight regulation requirement under 
all loads and temperatures for three different missions of 3 to 30 days, or 
the input voltage excursion of 10 VDC. The inverter was required to supply 
regulated voltages to many thermal controllers, sensors, heaters, pump controls, 
and other equipments which are physically too small for self contained voltage/ 
current regulators. These loads are variable, complicating efforts toward 
efficient design. 

The inverter requires a volume of approximately 300 cubic inches and has a 
maximum weight of 10 pounds. It was designed to operate over a temperature range 
of 0°F to 160®F and endure vibration levels of 8.0 g’s (peak) over a frequency 

2 

range from 65 Hertz to 2 KHz sinusoidal and 0,13 g /\\z random over a 50 hertz 
to 1 KHz range. 

A functional description of the inverter may be best understood with the use of 
the block diagram in Figure D-13, The inverter accepts +21 to +31 VDC at the 
input connector. The input is redundantly wired to feed-thru EMI supression 
filters tc the main series-input, LC Filter, and a zener voltage clamp. It 
drives a 10 KHz Royer oscillator and feeds the primary and secondary of power 
converter No. 1 (a saturable toroid). The toroid output is rectified and filtered 
to 31 VDC and fed to the differential comparator circuit with a temperature 
compensated zener for the voltage reference. The comparator's error signal 
is fed to a magnetic amplifier which increases or decreases the voltage coupling 
from the Royers' output thru power converter No. 1. It should be noted that 
a decrease of input voltage from 31 to 21 VDC will be sensed by the comparator 
and magnetically amplified to boost the voltage coupling. The pre-regulated 31 
VDC is then used by four other loads. 


D-31 



REPROD UCIBILITZ OF THE 

PAGE JS POOR 


Input 

Fu-Teft. 

Zi ia 3I1/6C j 

Volr^^fit 
FuElCSll - CIljivm? 

OA8> 3ATT 

/NPUr 


4oo 

FF 


I I^AJE T 



sefci\£s 

R£^'R 1.1./.VJ 


%loMfKQ., 400^ 




Figure D-13. Adapter Inverter Block Diagram 
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The post regulator consists of power converter No. 2 which is essentially two 
power switching transistors with their bases phase driven by the Royer oscillator. 
Their collectors are tied to the pre-regulated +31 VDC with their emitters 
driving the primary of a center-tapped grounded power transformer. The 
secondary windings provide the required voltages which are rectified and 
filtered. These voltages are then series regulated, current limited and fed 
to the spacecraft. 

One other major section in the inverter is the AC generator. The fundamental 
of the 400 Hz sine wave is generated by a common 400 Hz flip-flop. One side 
drives the base of a single stage input amplifier. The collector of this amplifier 
is controlled by a series regulator in the multistage feedback loop. The output 
of this single stage drives into a 0.5 cubic inch, double quadradic, passive, 

400 Hz bandpass filter. The filtered output is sinusoidal with less than 1% 
harmonic distortion and 5 % dissymmetery, and drives an operational amplifier 
with a self-feedback loop. The output of this drives a second operational amplifier. 
The outputs of these two operational amplifiers are coherent but 180° out of 
phase. These two signals then drive the push-pull power amplifier. The output 
stage drives the primary of the power transformer. The secondary is tapped to 
supply the spacecraft with 115 VAC and 26 VAC. 

The multistage feedback is sensed at the 26 VAC tap, rectified, series regulated, 
and fed to the collector of the single input stage. Overload protection is pro- 
vided by current sensing at the power amplifier and using this signal to control 
turn-off of the feedback series regulator. This removes drive until the overload 
fault is removed. 
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Signal conditioning and telemetry monitoring of each voltage line, including 
the 115 VAC line, is accomplished within the adapter pov/er controller, the 
point of central power distribution. 
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7.0 POWER SYSTEM PERFORMANCE CHARACTERISTICS 


7.1 System Vo It- Ampere Characteristic 

The fuel cell has an internal impedance which degrades with life and complicates 
predicting fuel consumption, heat dissipation, coolant flow control and water 
generation. 

An analytical and graphical method for determining the actual power source 
terminal conditions as a function of power source characteristics has been 
developed. 

Basically, the spacecraft load is considered as three elements.; constant power, 
constant current, and constant resistance, all operating at a nominal voltage 
of 26 VDC. 

The system lead data of each element is accumulated and summed to generate one 
system V-I curve. I'his curve is then superimposed with the early and late 
life curves of the power source. The net result yields the operating region 
of the power source over system loads. 

In Biosatellite, the system load is approximately 50^ constant power, 20 % 
constant current and 20% constant resistance. Initially the system was 67%, 

27% and 6% respectively. 

The initial system load (V-I) characteristics and the total element makeup 
is shown in Figure D-14. 
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The effect of superimposing the fuel cell early and late life characteristics 
on Figure D-14 is shov;n in Figure D-15. 

Here the operating region for the actual power source voltage varies from 28 
to 24 volts, the actual current from 5.5 to 6.0 amperes and the actual power 
from 154 to 144 watts, all during the power source life. 

This graphic approach is also developed analytically in terms of V and I for 
any given point in the life of the fuel cell. These V-I equations can be used 
to correct nominal data^ processed by power management computer programs. 

7.2 Load Sharing 

The essential system characteristics are shown in Figure D-16. These curves 
were extracted from the Biosatellite flight data. It can be seen that the 
characteristic at launch was better than at initial activation. After 
approximately the first day of orbital operation, the performance improved, 
then remained constant at the "orbital mode" curve. Figure D-16’ also shows 
typical non-station pass, station pass, and the powered flight system load lines, 
as well as the load sharing level as seen by the fuel cell upstream of the 
blocking diodes. 

Voltage versus time characteristics of the fuel cell at station pass load levels 
are shown in Figure D-17. Included in the figure are corresponding curves of 
the performance of the qualification unit (3001) and of the unit used in the 
primate compatibility test (3004). The 3005 unit stabilized after a few hours 
at a level slightly lower than previously tested units. It then improved 
gradually until it reached nominal performance. 
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Figure D-16, Elei;tr1csil System Characteristics 



Figure D-17 Voltage Versus Time Characteristics 
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7 . 3 Orbital Fuel Cell Power Requirements 


Vehicle subsystem and experiment power requirements are shown in Table D-7. 

Average vjatts far the 30-day period are shown at the nominal level. Additional 
factors include a correction based on actual voltage levels, a prelaunch provision 
and a 6 % margin. The fuel cell is required to carry those loads which are 
essentially constant and of high energy content. 

7.4 Orbital Battery Energy Requirements 

The requirements on the battery are summarized in Table D-8. The various 
subsystems and experiments require a total of 136.4 ampere-hours for mission 
functions for the 30-day period. The provision for 24 hours of emergency 
operation is 173.6 ampere-hours. Other provisions for instrumentation and 
telemetry errors, as well as a 6^ margin are shown. The orbital battery is 
required to carry loads which are of short time duration and of low energy 
content, except, of course, for the emergency condition. 
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Table D-7 


Orbital Fuel Cell Power Requirements 


Subsystem 

Average Power - Watts 

Attitude Control 

12.72 

Electrical 

39.44 

Life Support 

26.07 

Environmental Control 

20.65 

Experiment USC + UCLA 

6.90 

Pace/Rho 

6.45 

Telemetry, Tracking, Command 

4.21 

Separation and Gas Storage 

0.13 

SUBTOTAL at 26 VOC 

116.57 

Correction to Actual Volts 

2.13 

SUBTOTAL at actual volts 

118.70 

Prelaunch equivalent 

2.70 

656 Margin 

7.28 

TOTAL - WATTS 

128.68 

TOTAL - Kilowatt Hours 

92.65 


Orbital Battery Energy Req^uirements 


ORBITAL LOADS 

AMPERE-HOURS 

Prel aunch 

1.5 

Orbital Period {480 Orbits) 

134.9 


136.4 

Ejnergency {24 Hours) 

173.6 

Instrumentation Errors 

8.1 

6%' Margin 

20.0 

Unassigned 

6.9 

TOTAL 

345.0 










7.5 Electromagnetic Compatibility 

EMC is implemented by maintaining tight control at the component level. 
Interference generation is limited and susceptible circuits are isolated. 

Further isolation is maintained by proper twisting and shielding in the 
harness. On the 30 day vehicle the grounding system and EMC control con- 
centrated on maintaining clean data from the primate. This is the most 
critical parameter in the vehicle. The grounding diagram is shown in Figure D-18. 

System generated transients were measured on power lines and selected control 
and signal lines. The amplitudes were measu -d using detectors with a 50 nano- 
second response time. Detection points are selected to test all power lines, 
returns, control and signal lines test for susceptibility. 
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1.0 INTRODUCTION 


The initial spacecraft of the Earth Resources Technology Satellite Program, 
ERTS-1 , was designed by General Electric Space Division, Valley Forge, in co- 
operation with NASA, Goddard Space Flight Center, Maryland, and was launched 
on July 23, 1972. 

The ERTS observatory design is based upon highly successful Nimbus satellites 
that have regularly returned meteorological data and pictures of the Earth's 
weather and surface since 1964. 

The ERTS-1 spacecraft power processing system is similar to Nimbus with mod- 
ifications introduced to provide increases in average and peak power capabil- 
ity from its polar-orbit, sun-tracking solar array. 
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2,0 SYSTEM OVERVIEW 


The 2100 pound Earth Resources Technology Satellite was launch into a 500 
mile, polar orbit from Vandenberg Air Force Base and Missile Test Center, Cal- 
ifornia, aboard a two-stage Delta 900 launch vehicle. 

The spacecraft has been designated as a research and development tool to de- 
monstrate that remote sensing from space is a feasible and practical approach 
to efficient management of earth resources. 

Specific requirements of the ERTS system are to provide multispectral photo- 
graphic and digital data of large scene (100x100 nautial mile) in user-oriented 
quantities, repetitive land and costal observations at the same local time, 

image overlap in direction of flight, image sidelap from adjacent orbits, image 
location to better than 2 nautical miles, world coverage in less than three 
weeks, and a spacecraft life of one year. It should be noted that the ERTS 
spacecraft has been operating since July 1972 and is continuing to produce 
over 100,000 images. 


The ERTS observatory carries two television-iypc camera subsystems; Return Beam 
Vidicon(RBV) and Multispectral Scanner (MSS) which furnish independent views 
of the Earth (900 kilometers) directly beneath the satellite to data acquisition 
stations on the ground. Two wideband video tape recorders store up to 30 minutes 
of picture information for delayed readout. The observatory also carries a Data 
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Collection Subsystem (DCS) v/hich serves as a relay for collecting data from 
remotely located ground platforms. 

An active attitude control subsystem maintains the spacecraft within + 0.7 
degree of local vertical and +0.7 degree in the orbit plane (YAW). 

Electrical power (520 watts) is generated by two independently driven solar 
arrays, vn'th energy storage provided by 8 nickel -cadmium batteries for 
eclipse periods, launch, and pulsed loads. Independent power processors are 
used to supply payloads and spacecraft subsystems. 

Communication links between the spacecraft and ground stations are provided 
via wideband (2.2GHz) and narrow band (2.1GHz to 137.8MHz) subsystems. The 

Wideband Telemetry Subsystem accepts and processes data from the RBV, the MSS, 
and both wideband video tape recorders. It consists of two 20-watt FM trans- 
mitters and associated filter, antennas, and signal conditioning equipment. 
The subsystem permits transmission of any two data sources simultaneously, 
either real time or recorded. 

Commandable power-level traveling-wave-tube (TWT) amplifiers and shaped beam 
antennas provide maximum data fidelity at minimum power. 

The communication links are mentioned here since they and the three experi- 
ments (RVB, MSS, and DCS) are the larger power consumers as indicated in 
Table E-1, 
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Table E-1 


Subsystem Fewer Demands 

Service Subsystems Watts 

Attitude Control 35.7 

Command and Data Handling 76.2 

T el emet ry 9.3 

121.2 

Payload Support Subsystems 

Wideband Communications 144 

Wideband Tape Recorders 

( 

Record 172 

Playback— — -175 

Payloads 

Mul tispectral Scanner 52.3 

Return Beam Vidicon 174.1 

Data Collection System : 1.3 



3.0 VEHICLE CONFIGURATION 


The spacecraft launch v;e1ght is approximately 2073.1 pounds including 107 
pounds for the adapter. The power system weighs 540.1 pounds or about 26 
percent of the launch weight. The power system weight is a summation of not 
only the electrical but also the mechanical items necessary to its total 
support and operation. Briefly some of these items are the solar array 
panels, servo drive and transition section, latch mechanisms, and slip 
rings. Other items included are the batteries, power regulators, timers, 
electronics, power controllers, and 183 pounds of harnessing and installa- 
tion hardware. 


The major identifying features of this ERTS/Nimbus class of vehicle as show in 
Figure E-lare its 5 foot diameter sensory ring containing 18 bays for mounting 
various types of equipment; the attitude control module supported by a truss 
tube structure from hard points on the sensory ring; and the two solar array 
paddles driven from separate drive mechanisms contained in the attitude control 
module. The payload sensors are mounted mainly on the underside of the sensory 
ring to afford unobstructed view of the earth's surface. An orbit adjust sub- 
system is mounted in the region just above the sensory ring to assure the orbital 
period is within the prescribed limits. 
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4.0 POWER SUBSYSTEM FUNCTIONAL DESCRIPTION 


The power subsystem is designed to process solar array energy at -38 vdc to re- 
gulated power at -24.5 ± 0.5 vdc to the bulk of the spacecraft loads. Unregulated 
power is also available for certain pulsed loads, mainly associated with 
pyrotechnic events, and a small amount of power is provided at -23.5 + O.Svdc from 
auxiliary regulators for back up purposes in the event of failure in the main 
power system. Figure E-2 shows a simplified block diagram of this power subsystem. 

As shown on the functional b-lock diagram of Figure E-3 the power system con- 
sists of; (1) two solar array platform assemblies with a combined BOL output 
capability of roughly 520 watts; (2) a separate solar array drive and slip 
ring assembly for each platforin; (3) 8 storage modules, each. containing 
a 23-cell, 4.5 ampere-hour battery and charge electronics; (4) a power control 
module (PCM) having the main function of voltage regulating the array and 
battery power to the service subsystems with a rating of 20 amperes; {5) a 
payload regulator module (PRH) which specifically voltage regulates the power 
to the main imaging payloads with a rating of 26 amperes; (6) a power switch- 
ing module (PSH); (7) and (8) auxiliary loads and controller for absorbing 
excess array power; and (9) an unfold timer for deploying the solar array after 
injection into orbit. 

Under normal spacecraft day conditions the solar array supplies power at a 
voltage of about -38 vdc. Power from the array is transferred to the loads 
through in-line diodes to the PCH and PRH buck regulators, which regulate the 
pov/er to an output at -24.5 + 0,5 vdc. The PCM and PRM regulators establish 
separate regulated buses, the PCM bus being devoted to the service subsystems 
and the PRM bus to the major payload sensing systems. The PCM and PRM designs 
are essentially identical. Besides taking advantage of the Nimbus developed 
PCH, the separation into service and payload buses has resulted in excellent 
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Figure E-2 Power System Simplified Block Diagram 
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Figure E-3 


Power System Functional Block Diagram 







buffering against the effects of turn-on transients and noise. 


Power from the array for battery charging is transferred through each of tho 
eight chargers to the batteries with charge voltages roughly in the range of 
-29 to -33 vdc. Each battery is individually controlled in accordance va'th 
current and combined temperature/vol tage limit criteria. Since the array volt- 
age is higher (more negative) than the charge voltage» each battery is pre- 
vented from discharging by means of blocking diodes in the discharge leg of 
each battery. 

During spacecraft night the batteries supply power through their discharge 
diodes at voltages in the range of -26 to -30 vdc. ‘This is still above the 
lower limit of the buck regulator for producing regulated power at -24.5 t 
0.5 vdc. 

During spacecraft day when the loads exceed the array output, the array voltage 
drops, allowing the batteries to supply current through their discharge diodes. 
In this case, both the array and batteries share the burden of current supplied 
to the PCM and PRM buck regulators. 

Under certain circumstances, with small load and battery charge demands, the 
array voltage can become abnormally high. This condition can be avoided by 
absorbing the excess array power with shunting loads. Automatic shunts are in- 
corporated in the system in the form of eight tranststor"resistor circuits which 
are activated in response to array voltages more negative than -38 vdc. These 
circuits can be enabled or disabled by ground command. Fixed auxiliary loads 
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can also be used, which are likevMse enabled or disabled by ground command. 
These loads have been used to control charge to the batteries by adjusting 
control of the current limit at lower levels than that achievable by the in- 
ternal charge controls of each battery. 

The in-line diodes between the array and the series Pl-JM regulators are used 
to prevent the auxiliary loads from absorbing battery energy during spacecraft 
night operation. 

Fault clearing capability for the system is provided by means of a fuse blow 
tap located at the 15th cell (negative from the positive return) of each 
battery. These are joined to the main bus through diodes and are normally 
inactive. If a severe fault depresses the regulated voltage, sufficient current 
may be drawn directly from the batteries through the fuse blovj taps to clear 
the fault. 

Table E-2 indicates demand levels during launch, minimum satellite and or- 
bital modes. The minimum satellite mode pertains to the demand required during 
emergency conditions when it might be necessary to conserve energy to the 
greatest extent possible. 

Table E-2 

Operational Mode Power Demands 



Watts 

Launch Mode 

146 

Minimum Satellite Mode 

97 

Orbital Mode 

{without payloads) 

121 

Orbital Mode 
(with payloads) 

521 
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Figure E-4 shows a typical orbital load profile as reflected at the regu- 
lated bus. Continuous loads associated with basic service subsystems account 
for about 121 watts. The major load peak results from payloads with a max- 
imum demand of 521 watts. These high power demand payloads are the Multi - 
spectral Scanner (MSS) and the Return Beam Vidicon (RBV), both associated with 
imaging aspects of the mission. The on-time duration per orbit of these pay- 
loads was not specified as a hard requirement but is rather tailored to the 
capability of the power system. 
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Table E-3 indicates the estimated on-times as a function of specific mission 
durations and are based on the predicted power system output degradation 
principally due to ionizing radiation. 
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The other load peaks of significance are associated with playback (PE) of 
recorded data during passes over receiving ground stations in 1 ine-of-sight 
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with the spacecraft. Such passes occur about squally during satellite night 
and day accounting for the equal allocation of playback shown. Rewind of the 
tape recorder pertains to respositioning of the tape for use in its next mode 
of operation. 


Table E-3 Payload On-time Capability 


Elapsed Time 
in Orbit 

Payload On-time 
Per Orbit 

Initial Orbit 

16 minutes 

6 months 

13 minutes 

12 months 

9 minutes 


Basi s : 


1. Both the Return Beam Vidicon and the 
Multi spectral Scanner in operation 
concurrently 

2. Record for 75% of Payload on time 

3. Transmit on realtime for 25% of 
Payload on time 

4. Payload playback occurs: 50% in 
Satellite Day, 50% in Satellite Night 
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4.1 Solar Array 

4.1.1 Solar Array Volt- Ampere Characteristic 

The solar array volt-ampere characteristic is shown in Figure E-5. Unique 
to the normal solar array characteristic is its post eclipse character where 
the solar cells have experienced a cold soak period in the Earth's shadow, 
zero array power output, followed by a post eclipse or sun-soak oeriod. Here 
the array voltage is almost twice its normal value as indicated by the upper 
curve in Figure E-5. The thermal time constant or the time for the array 
voltage to return to its nominal voltage level is dependant on many factors, 
but is in the neighborhood of 20 minutes. 
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This post eclipse; overvoltage condition for a relatively long period is un- 
acceptable to most subsystem components and/or regulators, and essentially 
dictates the need for a voltage clamp as indicated by the horizohtal 
dotted line in figure E-5. A clamping device takes the form of a transistor/re- 
sistor shunting element {located in the storage modules), with control provided 
by spacecraft bus voltage level sensing and comparator circuit amplifiers to 
provide the drive control. The net affect of the clamp is to hold the space- 
craft bus to a preselected upper voltage level that is_ acceptable for pDv^er 
regulation. 

One other unicue solar array characteristic must be considered. That is the 
eclipse period itself. Here the power from the array drops to zero. This 
characteristic dictates the need for the 8 energy storage devices, (batteries), 
that must provide the required power for a maximum eclipse period. Additional 
power management functions are carried out by the commandable Auxilary Load 
Controller which causes power to be drained from the solar array bus to the 
Auxiliary Load Panels. These auxiliary loads are generally required when it 
is desired to reduce the power dissipated in the Storage Modules. 

4.1.2 Solar Array Physical Characteristics 

The two solar array paddles, aluminum honeycomb (3X8 feet each), and two 
transitions sections (1X7 feet each), weighing 75.1 pounds are configured 
with nineteen diode isolated solar cell circuits. Each circuit contains an 
average of 9 parallel and 93 series connected cells for a total of 10,888 
2 by 2 centimeter solar cells. These are N on P type with a base resistivity 
of 1 to 3 ohm-centimeters with titanium-silver contacts and are nominally 
rated at 132 mill’amperes and 0.46 volt when measured at 28^C under equivalent 
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air mass zero illumination. Six-mil microsheet (Corning 0211) coverslides 
bonded to the solar cells are used for radiation protection. Silver expanded 
metal Z-bar strips are used to interconnect the solar cells. 

4.1.3 Solar Array Operation 

During the launch sequence, the solar array is in the stowed position and the 
batteries must supply the required loads. Upon separation of the spacecraft 
from the adapter, relays are energized in the Unfold Timer which cause the 
paddle unfold pyros to fire at predetermined intervals. When the cables are 
cut, the unfold motor is started, deploying the solar array. In approximately 
16 minutes, the array begins to slew to acquire the sun and with its acquisition 
the solar array assumes the power generating function for the spacecraft. 

During sunlight periods, the solar array delivers power to the solar array bus 
in the power control module at a voltage of about -30 to -39 volts. The lower 
limit is set by the battery discharge voltage. As -30 volts is approached, 
load sharing occurs and the batteries begin to carry the spacecraft load. 
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4,2 Storage Modules 


There are eight essentially identical storage or battery modules on the ERTS 
spacecraft. Each storage module contains 23 series connected, 4. 5-ampere- 
hour, hermetically sealed, nickel -cadmium cells*, weighing approximately 
15.4 pounds and requiring 312 cubic inches. 

In addition, each module contains the closed-loop charge controller associ- 
ated with each battery as shown in Figure E-6. This controller limits the 
charge current to a preset value (1.1 amperes per module) and also reduces 
this when either the battery voltage or temperature reaches a predetermined 
limit. A ground commandable override circuit in the Power Control Module 
inhibits the voltage-temperature control loop in the charge controller, per- 
mitting battery charge rates based on the battery/solar array voltage relation- 
ship. 

In the negative leg of each battery is a battery disconnect latching relay 
which can be actuated by ground command for the purpose of removing a de- 
graded battery. This relay also disconnects the battery fuse blow tap line. 

The battery tap is used to supply the necessary current to clear faults on 
the fused power lines. 

The battery module also contains one of the dissipating legs for the space- 
craft shunt limiter. Although this circuit bears no direct relationship to 
battery operation, the battery module provides a convenient location in the 
spacecraft from which the heat dissipated by the shunt limiter may be rejected. 
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A functional block diagram of the battery charge controller is shov/n in 
Figure F-6. The controller electronics represents a significant area of 
po'wer processing and therefore the subsequent paragraphs vnll attempt to 
describe the functional operation. It should be recalled that this system 
is a mid-1960 design and therefore does not contain integrated circuits. 
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Figure E-6 Battery Charge Functional Block Diagram 

















^•2.1 Battery Charge Control 


The purpose of the charge controller is to protect the battery from over- 
current, over-voltage, and over- temperature conditions while it is being 
charged. 

The circuit performs this function by monitoring and operating upon the 
following parameters; 

• 1. Battery charge current 

2. Battery temperature 

3. Battery terminal voltage 

The control circuitry was designed to accept signal inputs corresponding to 
each of the above parameters and to compare these inputs with built-in re- 
ferences. Deviations or error signals are amplified and ultimately adjust 
battery charging current in such a manner as to decrease the error. 

There are three normal modes in which the charge controller might operate. 
These modes or regions of operation are indicated in Figure E-7. 



BATTERY TERMINAL VOLTAGE 



Fiqu'^e E-7 Region of Normal Charge Control Operation 
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2. 1.1 Region I Operation. In Region I, it is desired to maintain charging 
current as close as possible to the maximum allowable current. In addition, 
any current less than that required to maintain energy balance could result 
in a degraded mission through insufficient charging. The tolerance require- 
ments on the charge current have dictated a closed loop or feedback type of 
current regulating circuit. 

Figure E-8 presents a block diagram of the current regulator. In Figure E-8 
the symbol, Vj^-j , represents a reference voltage derived from a temperatuva 
compensating zener diode and a voltage divider. "G^ "represents the forward 
gain or transconductance of the transistor circuitry; "h" represents the feed 
back element which senses battery current, Ig, and transforms the current 
level to a voltage level which is compared with Vj^i- The difference between 
Vq, and the converted current level is the error, E, which activates the 
forward gain to control the charge current. 





TRANSFER FUNCTION: ^^Rl 


Gi 

1+fi G-j 


Figure E-8 Current Regulator Block Diagram 
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^•2.1.2 Region II Operation . Ir Region II it is desired to limit the vol- 
tage to which the battery may charge. It is also desired to adjust this 
limiting voltage with battery temperature as shown in Figure E-9. 

Normally, at the beginning of charge, the battery will cause the charge 
controller to operate in Region I, the current limited mode. As the battery 



TE.WERATURE 

Figure E-9 Maximum Battery Voltage as a Function of Temperature 

is charged, its terminal voltage and/or temperature will increase. Should 
the voltage/temperature combination enter Region II, the charge controller 
will sense this condition and act in such a manner as to maintain the operating 
condition of the battery within this region. Since the charge controller may 
operate directly on charge current and on other parameters only as a function 
of charge current, the circuitry was designed to vary the current in order to 
maintain operation in Region II. 

Within Region II, the charge controller becomes essentially a voltage re- 
gulator with an output voltage related to temperature. Figure E-lO illus- 
trates this mode of operation. 
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Figure E-10 Charge Control Operation in Region II 


If the gain, Gj_, is high, then it may be shown that 

Vb = ^ j 

Where : 

= Effective transconductance of transistor circuitry 
in Region II. 

Vg " Battery voltage. 

\l^ 2 ~ Reference voltage for V/T circuit 
Rd = Constant resistance 

Rt = Temperature sensitive resistor with a negative 
temperature coefficient. 

As the battery temperature increases, Rt decreases therby reducing the 
value of Vg at which the circuit will regulate. 
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4. 2. 1.3 Region III Operation . In Region III, the charge controller operates 
as a constant current regulator in essentially the same manner as in Region I 
with the exception that the regulated current is the trickle charge current. 
There are two conditions which could lead to operation in Region III. 

1 


t 

The first condition would occur in Region II operation if battery voltage 
and temperature conditions forced the voltage/temperature circuit to reduce 
charging current to the trickle charge limit. 


The second condition v^ould occur should the battery temperature rise 
to the high temperature limit indicated in Figure E-7. In this case, the 
circuitry designed to detect this high temperature condition would immediately 
reduce or cut-out charge current to the trickle rate. Should the temperature 
decrease by a small, predictable amount, the charge current will be returned 
or cut-in to a level determined by the current regulator and the voltage/ 
temperature sensing circuits. If, after the higher charge current level is 
restored, battery dissipation could be high enough to cause the high temperature 
limit to be reached, a cyclical condition might be established. Essentially, 
in this mode of operation, the charge controller acts as a temperature re- 
gulator and controls battery power dissipation in order to regulate battery 
temperature. 

Charge controller operation in this mode is described i.n Figure E-11. in 
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Figure E-11 the battery temperature is sensed by thermistor, T, and resistor 
Rg, which act as half-bridge. 


-24.5 VDC 



Figure E-11 Charge Current Operation in Region III 


The voltage, Vy, reaches the trip level of the Schmitt Trigger at the high 
battery temperature due to the negative temperature coefficient of the 
thermistor. At the trip level, the Schmitt Trigger delivers a step current 
to the current regulator which causes the battery current, Ig, to be reduced 
to the trickle charge level. As the battery temperature decreases, Vj will 
decrease by an amount equal to the hysteresis of the Schmitt Trigger. 

Upon reaching the lower trip level, the Trigger will change state and allow 
the current regulator to charge the battery at the normal rate. 
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4. 2. 1.4 Regional Transitions . As has been established in the foregoing dis- 
cussion, the transition from one operating region to another is afforded by 
changes in the operating mode of the charge controller system. The basic 
operating mode is regulation of charge current. All transitions are accom- 
plished by causing a reduction in the level of regulated current as a fun- 
ction of signal inputs to the current regulator from the high temperature 
sensing circuits and/or the voltage/temperature sensing circuits. The na- 
ture of these signals is a voltage level shift from a high impedance point 
which is "OR' gated into the appropriate current regulator input and which 
is derived from each of the sensing circuits. Figure E-6 presents an oper- 
ational diagram of the entire charge controller. As Indicated, the sensing 
signal inputs modify the feedback ratio of the current regulator in order to 
affect a change in the battery current. 

The major parameters of the battery charge controller as well as the tele- 
metered parameters are indicated in Table E-4. 


Table E-4 


Battery Charger Parameters 


Parameter 

Range 

Normal Charge Current 

Trickle Charge Current 

High Temperature Limit 

Hi -Temp Detection 
Circuit Hysteresis 

Battery Voltage/Temp 
Detection Band 

1. 1+0.1 amperes 
0.15+ .05 amperes 
51.7±28°C 

2.6i2.4°C 

See figure E-9 

Analog Signals for Telemetry Subsystem 

Parameter 

Parameter Range 

Nominal TLM Range 

Battery Voltage 
Battery Temperature 
Battery Charge Current 
Battery Discharge Current 

-20 to -40v 
-10 to +70°C 
0 to 1.2 amps 
0 to 2.4 amps 

0 to -6 volts 
-1 to -6 volts 
-0.5 to -6 volts 
-0,5 to -6 volts 
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4, 2. 1.5 Ground Commands . For the purpose of protection against various fail- 


ure modes and for the flexibility of load programming, two ground commands are 
included as indicated in Figure E-6. One command protects against failure in 
the temperature and voltage circuits by providing a trickle charge override. 
Here, the trickle charge override disables the temperature and voltage sensing 

circuits at their connection to the current regulator loop by merely blocking 
their outputs until command off. 


The function of the second ground command is to disconnect a battery 
from the subsystem. There are sixteen commands available for this purpose 
(2 for each battery ) so that individual batteries may be removed and 
reconnected as required. 
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4.3 Poyer Control, Module (PCM) 

The Power Control Module contains the spacecraft's main and standby PWH series 
(bucking) regulator* a voltage sensing and switchover circuit, redundant 
auxiliary regulators, a bus-voltage sensing circuit and driver circuit for the 
8 shunt dissipator circuits located in the storage modules and^auxiTiary 'Toad' 
•panels, and a number of telemetry and diode circuits. 

The entire module weighs approximately 22 lbs, requires a volume of 624 cubic 
inches, and has an orbital average thermal dissipation of 27 watts. The main 
and standby regulators weigh approximately 6 pounds and about 80% of this 
weight is abtributed to the common input LC filter and the common output energy 
storage network. 

Each of the functional areas within the Power Control Module will be described 
with major emphasis placed on the main and standby pulse width modulated re- 
gulator. 


4,3.1 Series Pulse Width Modulator Circuit Description. The current limited 
pulse width modulated (PWM) voltage regulator is shown in block diagram form 
in Figure E-12. This regulator in simplest form is composed of the follow- 
ing sections. 

(1) Input Filter 

(2) Power Switching Network 

(3) Output Filter 

(4) Constant Current Drive Amplifier 

(5) Pulse Width Modulator and Sawtooth Oscillator 

(6) Over Current Sensing Amplifier 

(7) Voltage Sensing Amplifier 
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Figure E-12 Pulse Width Modulator Block Diagram 









The input filter is placed between the unregulated bus and the pov/er switching 
network to eliminate large ripple currents which v/ould otherwise flow. The 
power sv/itching network is used to alternately connect and disconnect the un- 
regulated bus and the output filter. The voltage sensing amplifier senses 
the output voltage; compares it with a stable reference voltage; amplifies 
the error between the two voltages and transmits the amplified error signal 
to the pulse width modulator and sawtooth oscillator. The pulse Width mod- 
ulator transmits a rectangular pulse train; and the sawtooth oscillator 
determines the frequency of the pulse train. The duty cycle of the square 
wave pulse train is determined by the signal- level transmitted from the voltage 
sensing amplifier. The constant current drive amplifier accepts the pulse 
train as an input and transmits a constant current amplitude pulse to the power 
switching network at a duty cycle determined by the pulse width modulator 
circuit. The system employs a negative feedback voltage loop {composed of the 
voltage sensing amplifier, pulse width modulator, and the constant cun ent 
drive amplifier) to vary the duty cycle of the power switch network and 
establish a well regulated output voltage level which is essentially inde- 
pendent of input voltage and load current variations. 

An excessive current is also translated to a proportional voltage which is 
compared with a stable reference voltage. The difference betv/een the two 
voltages is amplified and transmitted to the pulse width modulator and sawtooth 
oscillator. This system employs. a negative feedback current loop (composed of 
the over current sensing amolifier, pulse width modulator, and constant current 
drive amplifier) to vary the duty cycle of the power switch network to reduce 
the output voltage, thereby limiting the output current. 
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^•3.2 Series PuTss Width Modulator Circuit Operation . For purposes of sim- I 

pi if i cation, operation of the regulator in the voltage regulation mode and 
current limit mode v/ill be discussed separately. 

(A) Voltage Regulation Mode 

Operation of the voltage regulation mode may be explained on the 
basis of the functional block diagram in Figure E-13. The DC 
input_ voltage is modulated by the switch to produce a rectan- 
gular pulse train at the averaging filter input. The average or DC | 

value of the pulse train is the duty cycle of the switch times the 
input voltage. The averaging filter is a low pass type which greatly 
attenuates the AC component and passes the DC component of the pulse 
train with little or no attenuation. The output voltage is given as 
Vo = OC Vin 
where£)C = duty cycle 
Vin = input voltage 

The switch is driven from the modulator with a constant frequency, ; 

variable duty-cycle current pulse. The modulator has a transfer 

function. J 

Modulator Transfer Function 

0 ampere 

v/here "%" refers to percent "on time" 
and "ampere" refers to the modulator signal input current 
The signal current to the modulator is derived frem the differential < 

amplifier which has a transconductance, G^. The output current of ; 

the differential amplifier is | 

1 = Gd E j 

where Gj = diff. amplifier transconductance i 

i 

E = error voltage ' 

i 
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Figure E-13 Pulse Width Modulator Voltage Regulation Mode 








(B) Current Regulation Mod e 

A functional diagram of the pulse width modulator in the current limit 
mode is shown in Figure E-14. The current sensor produces an output 
voltage proportional to the peak value of output current. The sensor 
is a series connected saturable reactor driven by a square wave {2.4 KHz) 
inverter. Its output is rectified, filter and delivered via an impedance 
transformation stage to the indicated differential amplifier. 


The difference "e" is sensed by an amplifier with a threshold -which 
allov/s no amplifier output unless "e", as indicated, becomes neg- 
ative. At this point, a signal is issued to the modulator which 
causes a reduction in power switch duty cycle. The resulting duty 
cycle is proportional to the magnitude of "e^'. The output voltage 
then falls as the duty cycle is reduced. 

4.3.3 Series Pulse Width Modulator System Considerations . In formulating a 
method for modeling and analyzing power processing systems some consideration 
should be given to total system requirements in the area of protection and 
redundancy. Toward this end, three considerations are highlighted here; A, 
current limit protection of the PWM regulator; B, redundant PWM regulator and 
switch-over methodology; C, the need for an auxiliary regulator. 


(A). Of prime importance is the possibility that one or more of the space- 
craft loads could sustain a low impedance fault; drawing excessive current 
and pulling the main bus out of regulation. 
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Figure E-14 Pulse Width Modulator Current Limit Mode 
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Linder this consideration the regulator must be current limited un- 

: i 

, t 

til the fault is removed or cured. If the regulator in this system U 

were a dissipative type current limiting could be achieved 

merely by limiting drive to the control element wherein the regulator 

•* 

is transformed from a constant voltage device to a constant current ^ 

fr*. fl 

device until fault removed. 

In the case of a switching regulator, the output current is sensed and 

i 

transformed to a proportional voltage to regulate the duty cycle of the 
regulator's control element. The net effect is reduced output voltage for *1 

, . n 

excessive currents. This method protects the regulator from overloads in- 
cluding a short-circul t. ^ I 


Now, considering the system as a total and under a fault condition; 
the system bus voltage level will drop with excessive currents, un- 
til the fault is removed or cured. Hence, the battery tap and fuse 
protection system is employed as shown in Figure E-12. This system 
operates to clear any sustained fault. If a fault develops, the re- 
gulator attemps to supply the current, but the regulator goes into its 
current limit mode and the spacecraft bus voltage drops to the battery 
tap voltage for a period of time necessary to open the fuse, clear the 
fault, and allow the regulator to maintain bus voltage control. Bus 
voltage perturbation during emergency operation must be carefully re- 
viewed with this type of protection. 


►—1 

li 
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(B). Although tha main regulator is current limited, protecting itself 
against external faults, it is usually required, from a reliability stand- 
point, to provide redundancy for any in-line system throttling device. 


Redundancy may be approached from a piece-part stand-point, but this ofter 
becomes too complex for an in-line regulator and generally requires block 
redundancy, where an entire second regulator is pa railed to the main regulator 
and placed in a stand-by mode of operation. 

•Once block redundancy is accepted, a method of sensing a failure in the main 
regulator and switching over to the redundant regulator is required. Further, 
the switch-over method should minimize perturbations on the regulated space- 
craft bus voltage. ^ For this reason it is generally accepted to design the in- 
put filter and the output energy storage network of the regulator to be common 
to both regulators. 

Internal failure detection of the main regulator is achieved as shown on 
Figure E-15 by sensing and comparing the bus voltage with a stable voltage 
reference and detecting the error signal {under or over voltage) via a 
schmitt trigger. The output of this device drives into a flip-flop which 
further drives a relay opening the failed regulator path and closing the 
path of the redundant regulator to the common output energy storage network. 

To prevent arcing of relay contacts, associated EMI effects and feedback 
into a failed regulator, a second flip-flop is employed to inhibit current 


E-39 



-24.5V£>(L 
22 ej 


il 

\ 1 



Figure E-15 
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flow from the redundant regulator until the relay contacts are firmly in 
place. A typical time response curve is shov/n in figure E"16. 

Since the current limit mode of the regulator has the effect of reducing 
the bus voltage for a finite time, it is necessary for the current detector 
circuit to provide an inhibit signal to the under/overvoltage detector to 
prevent switchover to the redundant regulator during system fault clearing 
operations. 

(C). In order to implement internal regulator failure detection, external 
over-current protection and certain control circuits, it is necessary to 
provide a separate regulated supply which is independant of the main regul- 
ated bus. This is achieved via an auxiliary regulator, operating one volt 
below the main spacecraft bus. The auxiliary regulator is a simple series 
dissipative type with linear base control of the pass element. The maximum 
current flow through the regulator is in the order of 1 ampere. A second 
auxiliary regulator is paralled and diode or'd v/ith the first as indicated 
in Figure E-12. Both regulators are diode gated to the regulated bus to 
provide power to the spacecraft command receivers so that unencoded commands 
can be received during temporary loss of regulated bus voltage. 


(VOLTS) 












4.4 Payload Regulator Module 

This unit is identical to the Power Control Module except that the current 
limit of the series regulator is increased from 20 to 26 amperes to accommo- 
date turn-on transients associated with payloads. 

4.5 Parameter Descriptions 

Table E-5 summarizes the major parameters of both regulators. Figure E-18 
shows a simplified circuit of the input and output filter networks. 



Figure E-18 Simplified Input/Output Filters 
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Table E-5 


Power Control Module & Payload Regulator Module 
Series PWM Regulator Characteristics 


PARAMETER 

RANGE 

Input Voltage Range 

-26 to -40vdc 

Output Voltage Range 

-24.5+0.5vdc 

Output Curre''t 

2 to 20 amperes* 

Regulation** 

0.555 

Ripple Voltage 

50 mv p-p max. 

Eff i ci ency 

see figure E-17 

Output Impedance 

0.1 ohms lOhz to 

lOkhz 

Standby Power Dissipation 

7 watts 

Transient Response 

Return to Regulation 
24.5+0.5 vdc within i 

1 4 ms "after a 4 amp step 

1 load. 

Operating Frequency 

7.0 KHz 

* 26 amperes' max.^ for Payload Regulator Module 
** Regulation for line, load and temperature combined. 
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4.6 Shunt Dlssipator 


The shunt dissipator limits the maximum voltage that may appear on the 
solar-array bus. During low spacecraft power demand conditions, the pov/er 
subsystem operating point will attempt to move along the solar array V-I 
curve (fig E-5) in a direction toward the array open-circuit voltage. For 
a current demand of five amperes, the operating point could be at array 
voltages exceeding -68 volts at cold array temperatures. This voltage is 
unacceptable to most regulators and must be limited. 

Two important parameters govern the design of the shunt dissipator: 

(1) the threshold voltage and (2) the amount of pov/er to be dissipated. 

In determining the threshold voltage and power to be dissipated the upper 
design limit (-40vdc) of the PWM series regulator is used together with the 
maximum solar array current of 15 amperes. These tv/o parameters must in- 
clude maximum array current on the first day of orbit, and system losses 
such as isolation diodes, harness, and slip rings. Also, the design must 
provide the minimum voltage between the battery and solar array bus that will 
allow the maximum charge current to enter the battery. The shunt dissipator 
as designed has a cut-in point of -38.0 ± .3vdc and can handle 549 watts with 
a no-load dissipation of 0.6 watts. 
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The shunt dissipator circuitry (Figure E-i9) is essentially a bus voltage 
error amplifier; (Differential amplifier with zener voltage reference); the 
output is delivered to a two-stage current amplifier to provide the linear 
base drive to each of the eight transistor/resistor shunting elements loc- 
ated in each of the eight storage modules. Current telemetry is provided 
for each shunting element via a voltage divider. Failure protection is prqv 
ded via ground command operations of 8 relays which remove each shunting 
transistor/resistor element on an individual basis. 

Pov/er dissipation as a function of shunted current is shown in Figure E-20. 

The dynamic output impedance of the shunt dissipator as a function of fre- 
quency under the conditions of 7 ampere load and +70°C is shown in figure 
E-21. 


The loop stability characteristics of the shunt dissipator are shown in 
Figure E-22. The circuit exhibits a maximum loop gain of 41 db at low 
frequencies when operating from a source having a resistance of 1 ohm, and 
rolls off to Odb at 3.8 KHz with a phase margin of 80 degrees. 

Table E-6 summarizes the major parameters of the shunt dissipator. 
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Shunt current, amperes 


Figure E-20 
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Figure E-21 Shunt Dissipator Dynamic Impedance 



Figure E-22 Shunt Dissipator Loop Stability 
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Table E-6 

Shunt Dissipator Characteristics 


1 Parameter 

1 

Range 

1 — 

1 Output Voltage 

-37.7V to -38.8V 

1 Cut-In Regulation 

-38+0-.3vdc i 

j Load Regulation 

O.Bvdc^^^ 

1 

; Temperature Regulation 

See note 1 

! Adjustability/ Resolution 
1 

±.025vdc^^5 

* Shunt Loss 

18 ma^^^ 

* 

f Max. Pass Transistor Dissipation 

21.7 watts/shunt elem.^^^ 

@ Base Plate Temp. =55°C 


Load Sharing/Shunt 

±20^ average 

Output Impedance 

See Figure E-21 

Stability Criteria 

t ' - — ■ ■ — — — ■■■ 

See Figure E-22 


Notes: 

1. All parameters subjected to -10 to +70°C 
2- iLoad = 0-lA to 14A 

3. iLoad = O-fA, T = 250C 

4. Vin = 37vdc 

5. = 9A, Vin = -38.8vdc 
^Load = 2A to 14A 
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Auxiliary Regulator 


The Auxiliary Regulator provides a separate source of voltage (isolated from 
the main regulated spacecraft bus) to the main and redundant PWM series re- 
gulators for failure detection circuits. Other lower-level system require- 
ments have been defined under the system considerations section. 

The Auxiliary Regulator is a simple voltage sensing, linear controlled, dissi- 
pative type 25 watt regulator with a regulated voltage (23.5 + 0.05 VDC) output. 

In operation, as shown in Figure E-23, a change in load voltage, due to 
fluctuations in either load resistance or input voltage, is applied to one in- 
put of the differential amplifier by the voltage dividing network R1/R2. This 
sampling of the load voltage change appears as an amplifier error-voltage when 
compared to the stable voltage reference. The error-voltage drives a push-pull 
type current gain stage to provide sufficient drive to the pass-transistor ele- 
ment; increasing or decreasing its voltage drop and maintaining the regulated 
output. A phase-lag network has been incorporated into the current drive stage 
to start the gain roll-off at a low frequency and with a controlled rate of de- 
crease. The output capacitor provides a low output impedance at frequencies 
beyond the point where the normal regulator impedance increases because of loop- 
gain reductions. 

The loop-gain and phase angle relationships of the Auxiliary Regulator are 
shown in Figure E-24. 

The dynamic impedance is shown in Figure E-25 for a given input voltage and 
load current with temperature as a parameter. 

The major parameters of the Auxiliary Regulator are listed in Table E-7. 



Figure E-23 Simplified Auxiliary Regulator Schematic 
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Figure E-24 Auxiliary Regulator Loop Gain and Phase Angle 



Figure E-25 Auxiliary Regulator Dynamic Impedance 
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Auxiliary Regulator Characteristics 


PARAMETER^ 

RANGE 

Output Voltage 

-23.5 + 0.05 VDG^ 

Line Regulation. 

0.002 VDC3 

Load Regulation 

0.005 VDC*^ 

Temperature Regulation 

0.05 VDc5 

Adjustability/Resolution 

+ 0.04 VPC^ 

Min. /Max. Allowable 

-26V to -39V^ 

Shunt Loss, No Load and Full Load 

26 and 29 milliamperes^ 

Output Impedance 

See Figure E-25 

Stability Criteria 

See Figure E-24 

NOTES: 


^All Parameter subjected to ~10°C to +70°C 

^ILOAD = 0 to 1 amp., VjN = ~Z6V to 

-39V 

^^LOAL = t amp., VxN = “26V to -39V 


^^LOAD 0 to 1 amp., ViN = -26V 


^^LOAD = 1 amp., VxN = -26V 


^\oAD = 1 amp* 


^^LOAD = ® ^P* 9 ^IN 
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4.8 Auxiliary Load Controller and Load Panels 

The auxiliary load controller contains the circuitry for switching the auxil- 
iary and shunt loads onto the solar array bus. In addition, this module pro- 
vides isolation for the various signals monitored and functions controlled by 
the ground test equipment through the spacecraft umbilical. Telemetry fun- 
ctions derived in this module include auxiliary, shunt and compensation load 
ON/OFF status and shunt load current monitors. 

There are five basic auxiliary loads, each capable of dissipating 20, 50, 50, 
140, and 140 watts respectively. The loads can be commanded onto the solar 
array bus to consume excess array power. In flight operation, the auxiliary 
loads are generally programmed according to the power management profile, dis- 
cussion to follow. These loads can act as a fine trim on battery charge con- 
trol and under power management, will supercede the automatic shunt dissi- 
pator control . 

The auxiliary load resistors are mounted on a thermally Isolated panel, ex- 
ternal to the main spacecraft electronics ring. This condifuration permits 
radiation directly to space, reducing additional vehicle thermal balance con- 
trol . 


4.9 Power Switching Module 

The power switching module provides the necessary regulated and unregulated 
power distribution (at command discretion) to the spacecraft subsystem loads. 
This type of component or module is generally tailored to a specific space- 
craft design and will have little bearing on this study; therefore, no add- 
itional description is provided. 
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4.10 Power Subsystem Telemetry Summary 


Various subsystem functions are telemetered in order to provide a 
means of analyzing the performance of the subsystem in meeting the space- 
craft power requirements and to provide information in the event of power 
subsystem or spacecraft failure. These telemetry functions are useful 
during the spacecraft test phases as well as during orbital flight. In 
order to provide a more detailed insight into the functional significance 
of the telemetered parameters, two typical circuits are herein discussed. 
A summary of the characteristics of the telemetry circuits is shown in 
Table E-8. 


The following quantities of telemetry circuits are provided. 


Telemetry Circuit 


Number of 
Circuits in System 


Battery Voltage Telemetry 8 
Battery Temperature Telemetry 8 
Battery Charge Current Telemetry 8 
Battery Discharge Current Telemetry 8 
Regulated Bus Voltage Telemetry 1 
Unregulated Bus Voltage Telemetry 1 
Auxiliary Regulator Voltage Telemetry 2 
Regulated Bus Current Telemetry 1 
Solar Array Current Telemetry 1 
PWM Renulator ON-OFF Telemetry 2 
Shunt Dissipator Current Telemetry S 
Solar Array Voltage Telemetry 4 
Solar Array Temperature Telemetry 2 
Solar Panel Position Telemetry (Proposed) 2 
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Table E-8 Telemetry Characteristics 


Characteristics 

Input Range 
Nominal 

— 

Output ilangc 
Nominal (volts) 

- 

OUvet ' 

Accuracy* 

ipcrccnl) 

Linearity^ 

Source 

Imiiudance 

[hllohmii 

Shunt IMS 
Maximum 
{milllampe'rea} 

Maximum TciemcUy* 
Voltage (voita) 

Haticry Mt>du!p ( 

Battery Voliajte T/M 

211-40 Volts 

- 0 . 2(i to -C 

0 . 2 a n. 2 

1 

1“*. Terminal Ilised 

:i.oi 

10 

-1« 

Battery Temperature T/M 

-10 to + 70°C 

-0.0 to -S.7G 

D. 9 * 0.2 

2*C 

3'/ Initepeniienl 

1. 01 

9.4 

-9.3 

Battery CharRc Current T/H 

0 to l.Z Amperes 

-0. S to -G 

O.S i0.3 

2 

I'l, Terminal Based 

2.'J4 



tUllcry Discharge Current T/H 

0 to 2. 4 Amperes 

-0. S to -6 

0 , s = 0 . .n 

2 

1% Terminal Based 

2. 114 

' “ 1 


Flpclrnftics Motfulc T/M | 

Regulated Huh Village T/M 

2b-r.O Viilts 

-D. 30 to -C 

li. 3 * 0. 2 

J 

Vk Terminal Itoscd 

,1. 01 

10 

-19 

Vnri'RuSaU^ri Hus Voluijic T/M 

3n-4S Volts 

-0. 10 to -0 

D. 1 a 0. 2 

1 

11 Terminal Based 

1. Ill 

10 

-19 

Auxiliary Regutalur VuUnge T/M 

0-25 X'olts 

0 to -0. 4 

n 

1 

II . 25V Terminal Based 

n.tn 

2.11 

-23. S 

TlcKuIaLDr Puu Current T/M 

J 0-20 Amperes 

-iL fHo, to “5. 
{Note S) 

0. 0.15 » 0, 02 


2< 7.cro Based 

T.;t 

22 

'10.B 

Solar Array Current T/M 


Sltunl Dlssip^lor Currcnl T/M 

0 - 2 . j Amperes 

tl to -0, 2 

tj 

1 

H Terminal Based 

1.01 

4 

-lO.g 

HegoUtur fipcrate T/M 

ilcguUilor clf at VT/M = U (trgulator on nl \T/M -7. j volts (» Aecoraey) 

l.S 

-20 

Sttliir Arrtiy T/M 

Solar Army VDilige T/M 

11-411 VoHo 

0 to -5. 2 

— 

1 

U.25V T('rmln:il Based 

— 

3 


-10.8 

Solar Array Temperature T/M 

-70 to + TIJ^C 

-0.2 lo.-D. 05 


ilO‘C 

51, Indepcmlent 

‘ 

7*5 

-» 

’ An ullset Is deslraWe In mont cases since It shows that the system Is In operation. The ulfsels lahulateii 
above are the uncalihratcd ullselii including the Inllul tolerances as well as stablUly tolerances. 




* The accuracy shown in the tabic above is the calibrated, worsl'Case, (uU-scalc accuracy. This repreoenta 
the maximum, full-scale deviatinn Iron a calibration curve for an cnd-of-Jlfe period of l,vear. 




* live dctinitioo of the different types of lincirtiy arc shown at the end of this report. 






* The maximum lelemetry voltage Is recorded here for the condition of R<hii open circuited; the maximum 
telemetry output voltage la required lobe less than -24 volts for all circultn. 


- 


* The ripple Is < 2 mv. 















4.10.1 Battery Voltage Telemetry 

Simple resistor dividers heretofore employed to measure voltages through- 
out the power supply subsystem are considered inadequate for this application. 
The inadequacy is brought about by grounding limitations within the spacecraft. 
Spurious voltage drops in ground returns add to or subtract from the simple 
divider output resulting in measurement inaccuracy. 

The battery voltage telemetry circuit shown in Figure E-26 provides an 
isolated signal output return which may be connected to the encoder signal 
ground at any point without interference from power ground currents. Zero 
suppression has been included for greater telemetry accuracy and better re- 
solution. 

This circuit was designed to accommodate a range of from -20 to -40 volts 
within the specified telemetry range from 0 to -6.4 volts. Circuit operation 
is as follows: No output appears across resistor R4 until the voltage to be 
telemetered exceeds the reference voltage of the base (approximately 20 volts). 
The voltage across resistor R3 establishes an emitter current in transistor 
QIB which for large values of current gain equals the collector current. Since 
the collector current is essentially independent of collector voltage, the out- 
put voltage across resistor R4 will be independent of voltages between the power 
ground and the telemetry encoder grounds. The capacitor across resistor R4 
reduces any high frequency noise which might appear in the output. Transistor 
QIA is connected in such a manner as to cancel temperature variations in Vg^ 
of transistor QIB. Circuit operation can be summarized by the calibration curve 
shown in Figure E-27. 
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Figure E-27 Typical Voltage Calibration Curve 




4,10.2 Regulated Bus and Solar Array Current Teletnetry 

The regulated bus current and the solar array current requirements 
are functionally identical. The circuit, shown in Figure E-28,. consists of 
a series -connected saturable reactor (L) transformer coupled to a full wave 
bridge (CRl, CR2, CR3, CR4) terminated with an accurate wirewound resistor 
(R2), and a low pass filter (Rl, R3, Cl). The current telemetry transducers 
are excited by a 3.5 to 4.0 kilohertz inverter. 

The series connected saturable reactor consists of two identical 
toroidal reactors stacked one on top of the other, and electrically connected 
in series opposition with respect to a common control winding, Nq. With a 
high control circuit impedance as seen from the gate winding Ng, the reactor 
acts as a current inverter, whereby the D-C control current, Ic» is converted 
to a square wave current whose peak-to-peak value is 2 (Nc/Ng)!^. This 
D-C voltage and a small amount or ripple appears across capacitor Cl. The 
two diodes across the output capacitor provide overvoltage protection of the 
telemetry system. The calibration curve for this type telemetry circuit is 
shown in Figure E-29. 
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4.n Power Management 

With a spacecraft carrying high wattage payloads which must be cycled and a 
solar array power source receiving daily eclipse periods; proper power man- 
agement is essential. In fact, power management as performed through ground 
monitoring and command control can be viewed as another functional block 
within a power processing system. 

The objective of power management for the ERTS-1 spacecraft is to assure 
that planned load profiles are adequately satisfied by the power system. 

The major criterion for determing this adequancy is that the batteries be 
properly recharged on an orbit-to-orbit basis. 

Conceptually, as long as load, battery recharge, and power system loss de- 
mands are less than' the power produced by the solar array, the power system 
should be fully capable of handling recharge and disposing of any excess pov/er. 
Because of uncertainties in battery performance, charge control is exercised 
as an aspect of power management as described below. 

The basic strategy is shown in Figure E-30. Essentially, it involves ass- 
essing the energy demands associated with planned mission sequences and bat- 
tery recharge and comparing these demands with the capability of the solar 
array. Any excess is handled by programming auxiliary loads of sufficient 
magnitude. 

The procedures for performing these steps have been worked out in fairly 
elaborate detail. Plans for the spacecraft activities are provided daily by 
mission operations. Each day the mission scheduler, after receiving his 



Figure E-30 Power Management Flow Diagram 
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cloud cover predictions for the orbital tracks to be covered in the next 
24 hours, selects his picture making mission based on user requests and prio- 
rities. His output results in a spacecraft activity file (SCAT) defining 
"on" and "off" times of payload operation. They include realtime coverage 
of imaging payloads and wideband video tape recorder operations of record, re- 
wind and playback. It also includes scheduling of narrow band tape records and 
playback (containing full orbit sampled telemetry) and its associated USB down- 
link. On an orbital basis, this planned sequence of events is converted to 
a profile of load demands which, in turn, results in an orbital energy demand. 
With power system losses included, this demand is that reflected at the solar 
array/battery unregulated bus. 

Battery discharge is determined by that portion of the loads occurring dur- 
ing spacecraft night and for certian cases during spacecraft day when the 
loads exceed the output of the solar array. Thus far on ERTS-1 the dis- 
charge during such cases has been negligible. 

Battery recharge energy is determined on the basis of the observed ampere- 
hour charge/discharge (C/D) ratio. The ampere-hour C/D ratio is about 1.15 
to 1.2. 

The excess output of the solar array is determined by deducting the recharge 
requirement .nd the remaining portion of the orbital energy demand from the 
array output profile- The available solar array energy is determined directly 
from flight measurements and is updated on a continuous basis. 

Auxiliary loads are programmed to absorb the expected excess array output. 

Thus, on an overall basis, the power management of ERTS-1 responds to a pro- 
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posed mission sequence by designating the levels and sequence for applying 
auxiliary loads. 

The effect of these designated loads is evaluated on an orbit-to-orbit basis. 
A proper value of auxiliary load is considered to exist when a C/D ratio of 
1.2 is achieved. A range of 1.195 to 1.215 is considered acceptable. Tele- 
metry is monitored for proper end-of-day and end-of-night voltage, maximum 
battery temperatures and the spread of temperature among all batteries. 
Appropriate adjustments in the level of auxiliary loads are made as indica- 
ted by specific symptoms or trends. 
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